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ABSTRACT
Tensile Deformation, Corrosion and Crack-Growth 
Characterization of a Nickel-Base Alloy
By
Rama S. Koripelli
Dr. Ajit K. Roy, Examination Committee Chair 
Professor o f  Mechanical Engineering 
University o f  Nevada, Las Vegas
Austenitic Alloy C-22 exhibited reduced failure strain (cf) and serrations under tensile 
loading within susceptible temperature regimes, indicating the occurrence o f  dynamic- 
strain-aging (DSA) phenomenon. A maximum dislocation density was observed at 600°C 
at which the lowest Cf was noted. An average activation energy o f  46 kJ/mole was liable 
for diffusion o f  solute elements, causing serrations. A maximum work hardening was 
observed at the slowest strain rate. A slope o f  4.0 was determined from crack-growth 
testing, satisfying the Paris law. A combination o f elevated temperature and acidic pH 
resulted in enhanced cracking tendency. More noble (positive) applied potential led to 
greater susceptibility to cracking in the acidic solution. The critical potentials became 
more active (negative) at higher temperatures. The increased wedge-loads caused greater 
cracking tendency o f double-cantilever-beam (DCB) specimens. C-ring and U-bend 
specimens did not show any cracking in an acidic solution. The cylindrical specimens, 
used in tensile and environmental-cracking studies, showed ductile failures.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
ABSTRACT......................................................................................................................................... in
LIST OF TABLES...............................................................................................................................vi
LIST OF FIGURES................................................  vii
ACKNOW LEDGEM ENTS.............................................................................................................. ix
CHAPTER 1 INTRODUCTION....................................................................................................... 1
CHAPTER 2 TEST M ATERIALS, SPECIMENS AND ENVIRONM ENT........................ 9
2.1 Test M aterial............................................................................................................................ 9
2.2 Test Specimens......................................................................................................................11
2.2.1 Smooth Cylindrical Specimen for Tensile Testing.............................................11
2.2.2 Smooth Cylindrical Specimen for SSR Testing.................................................. 12
2.2.3 Polarization Specimen for Localized Corrosion T esting ..................................13
2.2.4 Specimens for SCC Testing under Controlled Potentials.................................14
2.2.5 SCC Testing using DCB specim en ........................................................................ 15
2.2.6 SCC Testing using C-ring and U-bend Specim ens............................................17
2.2.7 General Corrosion Testing using C oupons.......................................................... 19
2.2.8 Compact-Tension Specimen for Crack-Growth-Rate Evaluation...................20
2.3 Test Environment................................................................................................................. 21
CHAPTER 3 EXPERIMENTAL PROCEDURES.....................................................................23
3.1 Tensile T esting ..................................................................................................................... 23
3.2 Parameters Related to Tensile D eform ation.................................................................. 27
3.2.1 Calculation o f  Strain Hardening E xponen t......................................................... 27
3.2.2 Calculation o f Dislocation D en sity .......................................................................29
3.2.3 Calculation o f Activation E n e rg y .......................................................................... 31
3.3 SCC Testing using Slow-Strain-Rate M ethod .............................................................. 33
3.4 Cyclic Potentiodynamic Polarization T esting ............................................................... 35
3.5 SCC Testing under Anodic Controlled Potential......................................................... 38
3.6 SCC Testing using DCB Specim ens............................................................................... 40
3.7 SCC Testing using C-ring and U-bend Specim ens...................................................... 43
3.8 General Corrosion Testing using C oupons....................................................................44
3.9 Crack Growth Rate Study using CT Specim ens...........................................................45
IV
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.10 Optical M icroscopy........................................................................................................... 46
3.11 Scanning Electron M icroscopy........................................  48
CHAPTER 4 RESULTS...................................................................................................................49
4.1 Microstructural Evaluations..............................................................................................49
4.2 Tensile Properties E valuation........................................................................................... 51
4.3 Dislocation Density Calculations.....................................................................................57
4.4 Activation Energy Calculation.......................................................................................... 60
4.5 Strain-Hardening Exponent Calculation..............................................  65
4.6 Determination o f Crack-G rowth-Rate.............................................................................67
4.7 Results o f  SCC T esting .......................................................................................................6 8
4.8 CPP Test R esults.................................................................................................................. 69
4.9 Results o f  SCC Testing under Econt................................................................................. 73
4.10 Results o f  DCB Testing.................................................................................................... 75
4.11 Results o f  C-ring, U-band and Coupon Testing.......................................................... 77
4.12 Results o f  Fractographic Evaluations............................................................................ 79
CHAPTER 5 DISCUSSION............................................................................................................ 89
Cl lAP fE R  6  SUMMARY AND CONCLUSIONS.................................................................. 93
CHAP fER  7 FUTURE W ORK......................................................................................................96
APPENDIX A TENSILE T E ST IN G ....................................   97
APPENDIX B SCC AND CRACK-GROW l l 1-RAH: ......................................................... 102
APPENDIX C CPP TEST RESULTS................................................................... 104
APPENDIX D 1 RAC I OGRAPHY............................................................................................107
APPENDIX E UNCERTAINTY ANALYSES OF EXPERIMENTAL RESULTS 123
APPENDIX I TEM M ICROGRAPHS.......................................................................................131
BIBLIOGRAPHY.............................................................................................................................134
VITA 144
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 2.1 Physical Properties o f  Alloy C -22.............................................................................10
Table 2.2 Chemical Compositions o f  Alloy C-22 (wt % )......................................................11
Table 2.3 Ambient-Temperature Tensile Properties o f  Alloy C -22.................................... 11
Table 2.4 Compositions o f  Testing Environm ents..................................................................22
Table 3.1 Specifications o f  Instron M achine.............................................................................26
Table 3.2 Thickness o f  Wedges to Load DCB Specimens.................................................... 41
Table 4.1 Average Tensile Properties versus Tem perature................................................... 54
Table 4.2 Average Dislocation Density versus Tem perature................................................60
Table 4.3 Calculated (m  + fi)  and Q V alues............................................................................ 64
Table 4.4 Overall Activation E n erg y ......................................................................................... 65
Table 4.5 Calculated n Values as Functions o f  Testing Tem perature.................................6 6
Table 4.6 Calculated n Values as Functions o f  Testing Temperatures and Strain Rates 6 6
Table 4.7 Results o f  CGR Testing o f  Alloy C -2 2 ................................................................... 67
Table 4.8 Results o f  SSR Testing................................................................................................ 69
Table 4.9 CPP Test R esults ...........................................................................................................72
Table 4.10 SCC Results with and without Econt..........................................................................75
Table 4.11 Results o f  DCB Testing o f  A lloy-22........................................................................ 76
Table 4.12 Results o f  Coupon T esting ..........................................................................................78
VI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1.1 Concept o f Hydrogen Generation using Nuclear H e a t........................................ 4
Figure 1.2 S-I C y c le ....................................................................................................  4
Figure 2.1 Configuration o f the Tensile Specim en.................................................................12
Figure 2.2 Configuration o f the SSR Test Specim en............................................................. 13
Figure 2.3 Configuration o f  the Polarization Specim en.........................................................14
Figure 2.4 Pictorial View o f Specimen used in Econt Testing................................................15
Figure 2.5 Configuration o f  the DCB Specim en..................................................................... 17
Figure 2.6 Configuration o f  the C-ring Specimen................................................................... 18
Figure 2.7 Configuration o f  the U-bend Specim en.................................................................19
Figure 2.8 Configuration o f  C oupon..........................................................................................20
Figure 2.9 Configuration o f  the CT Specim en.........................................................................21
Figure 3.1 Instron Testing M achine........................................................................................... 25
Figure 3.2 Hollomon vs. Ludwigson R elationship ................................................................ 29
Figure 3.3 Calculation o f p by Line Intersection M ethod...................................................... 30
Figure 3.4 CERT Machine for SSR Testing............................................................................. 35
Figure 3.5 CPP Test Setup.............................................................................................................36
Figure 3.6 Luggin Probe A rrangement............................................................................   37
Figure 3.7 Standard Potentiodynamic Polarization Calibration P lo t.................................. 38
Figure 3.8 Controlled-Potential SCC Testing Setup............................................................... 40
Figure 3.9 Autoclave used in DCB Testing.............................................................................. 42
Figure 3.10 Correction Factor for Curved B eam s..................................................................... 44
Figure 3.11 Leica Optical M icroscope.........................................................................................47
Figure 3.12 Scanning Electron M icroscope................................................................................48
Figure 4.1 Optical Micrographs o f  Alloy C -2 2 ........................................................................51
Figure 4.2 Engineering Stress-Strain Diagrams vs. T em perature....................................... 52
F igure 4.3 YS vs. T em perature.....................................................................................................55
Figure 4.4 UTS vs. Tem perature................................................................................................. 55
Figure 4.5 %E1 vs. Tem perature.................................................................................................. 56
Figure 4.6 %RA vs. Tem perature................................................................................................56
Figure 4.7 TEM M icrograph o f  Alloy C-22 Specimen Tested at Ambient Tem perature5 8
Figure 4.8 TEM M icrograph o f  Alloy C-22 Specimen Tested at 500°C ........................... 58
Figure 4.9 TEM Micrograph o f Alloy C-22 Specimen Tested at 600°C ........................... 59
Figure 4.10 TEM Micrograph o f Alloy C-22 Specimen Tested at 700°C ........................... 59
Figure 4.11 Dislocation Density vs. Tem perature..................................................................... 60
Figure 4.12 s-e Diagram vs. Tem perature................................................................................... 61
Figure 4.13 s-e Diagram vs. Tem perature................................................................................... 62
Figure 4.14 ln£- versus In 6 "^ for Alloy C-22............................................................................. 63
VII
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.15 In versus 1 /T for Alloy C -22 .............................................................................64
Figure 4.16 log (da/dN) vs. Log (Ak)......................................................................................... 6 8
Figure 4.17 s-e Diagram vs. Testing E nvironm ent.................................................................69
Figure 4.18 CPP Diagram o f Alloy C-22 in 30°C Acidic Solution.....................................70
Figure 4.19 CPP Diagram o f Alloy C-22 in 60°C Acidic Solution.....................................71
Figure 4.20 CPP Diagram o f Alloy C-22 in 90°C Acidic Solution.....................................71
Figure 4.21 Variations o f Ecorr and Epu vs. Tem perature........................................................73
Figure 4.22 s-e Diagrams Obtained under Econt in 30°C Acidic S o lu tion ..........................74
Figure 4.23 s-e Diagrams Obtained under Econt in 90°C Acidic So lu tion ..........................74
Figure 4.24 Pictorial V iew  o f C-ring Specim ens .........................................................77
Figure 4.25 Pictorial V iew o f U-bend Specim ens................................................................... 78
Figure 4.26 Pictorial V iew o f C oupon .......................................................................................79
Figure 4.27 SEM M icrograph o f  Tensile Specimen Tested at RT, 500X ..........................80
Figure 4.28 SEM M icrograph o f  Tensile Specimen Tested at 500°C, 500X .................... 80
Figure 4.29 SEM M icrograph o f  Tensile Specimen Tested at 600°C, 500X .................... 81
Figure 4.30 SEM M icrograph o f  SSR Test Specimen, RT Air, 500X ................................82
Figure 4.31 SEM M icrograph o f  SSR Test Specimen, RT Solution, 500X ...................... 82
Figure 4.32 SEM M icrograph o f  SSR Test Specimen, 90“C Solution, 500X ................... 83
Figure 4.33 SEM M icrograph o f  SSR Test Specimen, RT Solution, +1582 mV, 500X.83
Figure 4.34 SEM M icrograph o f  SSR Test Specimen, 90°C Solution, +1270 mV, 500X
84
Figure 4.35 SEM M icrographs Showing Three Regions o f  Failures.................................. 85
Figure 4.36 M etallographic M ontage o f  a Brocken DCB Specimen, lO X ........................8 6
Figure 4.37 SEM M icrograph Showing Striations in CT Specimen, 2000X .................... 8 6
Figure 4.38 SEM M icrograph Showing Dimpled Microstructures in CT Specimen, 400X
87
Vlll
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOW DGEMENTS
During m y stay at University o f  Nevada, Las Vegas (UNLV) several individuals 
provided me with priceless support, encouragement and motivation. I am very happy to 
acknowledge each and everyone, who provided me guidance to complete this dissertation 
successfully. I would like to express my heartfelt gratitude and appreciation to my 
academic advisor. Dr. Ajit K. Roy, for his continuous support and guidance throughout 
this dissertation and made my graduation into reality. He provided me with sound advice, 
good ideas, and much needed guidance in writing the manuscript. I could not have been 
done without him.
I would like to thank my committee members. Dr. Anthony Hechanova, Dr. Brendan 
O ’Toole, Dr. Daniel Cook and Dr. Edward Neumann who provided me with information, 
comments and valuable suggestions to complete this dissertation. My special thanks to all 
my colleagues at MPL, who helped me in many ways.
I would like to thank my wife Geeta whose encouragement always kept my 
confidence high during my stay at UNLV. Also, I would like to express deepest gratitude 
to my parents, Mrs. Venkata Lakshmi Koripella and Mr. Pulla Rao Koripella, my brother 
Chandra S. Koripella and sister-in-law Sucharitha for their steady support and confidence 
in me.
United States Department o f  Energy (USDOE) is thankfully acknowledged for the 
financial support (Account # DE-FC07-04ID14566).
IX
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 
INTRODUCTION
The cost o f  energy including conventional fossil fuels, such as oil and gas, has been 
increasing rapidly during this past decade. The increased cost is primarily due to the 
imbalance in supply and demand. In addition, the extensive use o f  oil and gas has been 
receiving negative publicity in industrialized nations all over the world due to the 
generation o f  pollutants. Scientists from both developed and developing countries have 
recently come to a conclusion that the use o f  hydrocarbons such as oil and gas can pollute 
the atmosphere with thick ozone layers due to the greenhouse effect resulting from 
carbon dioxide (CO2) emission. Such increase in greenhouse gases has now been blamed 
for global warming that may eventually cause numerous natural disasters. A  combination 
o f high cost and environmental concern related to the fossil fuel usage has, therefore, 
prompted many nations to develop alternate sources o f energy.
In order to circumvent the problems associated with the usage o f  oil and gas, the 
United States Department o f Energy (USDOE) has been exploring the development o f 
alternate sources o f  energy that are both cheaper and environment-friendly. One such 
energy is hydrogen, which can be produced using different techniques Generation o f 
hydrogen would reduce the dependence by many nations on imported oil and gas and 
can, thus, simultaneously reduce pollution and greenhouse gas emissions
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hydrogen generation using electrolysis o f  water has often been proposed by many 
nations. However, the energy needed to produce hydrogen from electrolysis does not 
provide an economic incentive due to the added cost o f  power to electrolyze, and reduced 
efficiency. Therefore, USDOE has recently initiated a novel approach o f  hydrogen 
generation using heat from the nation’s nuclear pow er plants that would involve chemical 
reactions at elevated temperatures. Hydrogen generation using nuclear heat and chemical 
reactions has been proposed to be based on two major thermochemical processes, known 
as sulfur-iodine (S-I) and calcium-bromine (Ca-Br) cycles. However, the S-I 
process is preferred to the Ca-Br cycle due to the relatively higher efficiency in hydrogen 
generation. The structural materials can play an important role in hydrogen generation 
resulting from chemical reactions at elevated temperatures. Therefore, an extensive 
investigation has been undertaken at the University o f Nevada, Las Vegas (UNLV) to 
address both the metallurgical and corrosion behavior o f structural materials to be used in 
the proposed S-I process.
The S-I cycle was invented by the General Atomics Corporation (GA) in the mid 
1970’s The net reaction is the decomposition o f water into hydrogen and oxygen. 
Each o f the major chemical reactions o f  this process was demonstrated in the laboratory 
at GA. A complete laboratory scale S-I test loop was recently operated successfully in 
Japan The necessary heat for the thermochemical reaction in the S-I process is
proposed to be provided by a nuclear reactor, transmitted through an intermediate heat 
exchanger (IHE) into the hydrogen generation plant consisting o f different reaction 
chambers, as illustrated in Figure 1.1.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The generation o f  hydrogen by the S-I process will consist o f a series o f  reactions 
involving different species at elevated temperatures. These reactions will occur within 
closed loops, where water can be fed to the process, oxygen and hydrogen gas can be 
collected, and all other reactants can be recycled, as illustrated in Figure 1.2. The first 
step to generate hydrogen using this process is the formation o f  hydrogen iodide (HI) and 
sulfuric acid (H2 SO4) through chemical reactions involving iodine (I2), sulfur dioxide 
(SO2), and water at an approximate temperature o f  120°C, as shown by Reaction 1.1. 
Subsequently, both H2 SO4 and HI will undergo decomposition according to the chemical 
Reactions 1.2 and 1.3, respectively. A maximum temperature o f  950°C has been 
proposed to achieve the highest possible efficiency (-52% ) in H2 SO4 decomposition 
On the other hand, a maximum temperature o f  400°C has been proposed for the HI 
decomposition process. Hydrogen and oxygen will subsequently be separated and 
transferred to different storage containers. I2 and SO2 , which are the byproducts o f these 
chemical reactions, will be recycled to react with water to regenerate H 2SO4 and HI. The 
decomposition reactions will be repeated, as shown by Reactions 1.2 and 1.3, 
respectively. Thus, I2 and SO2 will act as recycled in the regeneration o f H 2 S0 4 and HI.
I2 + SO2 + 2 H2O => 2HI + H2 SO4 (Temperatures -  120°C) 
H2 SO4 => H2O + SO2 + V2 O2 (Temperatures -  950°C)
2HI => H 2 + I2 (Temperatures -  400°C)
(Reaction 1.1) 
(Reaction 1.2) 
(Reaction 1.3)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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It is obvious from the preceding discussion that a major requirement for successful 
generation o f  hydrogen using the S-I process is the identification o f  suitable structural 
materials that can sustain chemical reactions at unusually high temperatures. Properties, 
such as tensile strength and corrosion resistance, are major prerequisites for identification 
and selection o f  suitable structural materials to accommodate hostile operating conditions 
associated with this process. These materials must exhibit a combination o f high tensile 
strength and appreciable ductility to prevent failure at temperatures relevant to the S-I 
process. Simultaneously, these have to be resistant to different types o f  environment- 
assisted degradations including stress-corrosion-cracking (SCC), hydrogen-
embrittlement, localized corrosion (pitting and crevice) and general dissolution. Thus, the 
identification o f suitable materials for hydrogen and oxygen generation using the S-I 
process is a major challenge.
At the onset o f this investigation, an extensive effort was made to identify and 
evaluate suitable structural materials that could satisfy hoth the metallurgical and 
corrosion-related performance requirements for efficient generation o f  hydrogen using 
nuclear heat. One such material was found to be austenitic nickel (Ni) - base Alloy C-22, 
possessing a combination o f  desired metallurgical and corrosion properties This
alloy has found numerous applications in oil and gas exploration, disposal o f nuclear 
waste, geothermal systems, nuclear fuel reprocessing, phosphoric acid production, 
tubular heat exchanger, and weld overlay valves b6-2 i] alloy has been known to 
resist environment-induced degradations including general and localized corrosion under 
both oxidizing and reducing conditions in the presence o f brines. Unusually high passive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
current densities have also been observed with this alloy in corrosion studies using 
electrochemical polarization techniques.
The presence o f  high chromium (Cr), molybdenum (Mo), and tungsten (W) content in 
this alloy can prevent localized attack and stress-corrosion-cracking (SCC) susceptibility 
in many hostile environments In view o f these beneficial properties. Alloy C-22
has recently been selected to be the most suitable material for outer containment-barrier 
for spent nuclear fuels to be disposed o f  in the proposed geological repository at the 
Yucca Mountain site The superior corrosion resistance o f  Alloy C-22 in both
oxidizing and reducing environments containing wet chlorine, and mixtures o f  acids with 
chloride ions has been attributed to the formation o f  Cr-rich oxide layers (Cr2 0 3 )
In addition to the superior corrosion resistance o f  Alloy C-22, compared to other 
conventional superalloys, this material can provide sufficiently high tensile strength 
which is a major requirement for structural materials to be used in nuclear hydrogen 
generation using the S-I cycle. The high tensile strength associated with Alloy C-22 can 
be attributed to the presence o f  high Ni content that can lead to the development o f  a 
continuous matrix o f  face-centered-cubic (FCC) solid solution o f Cr, Mo, cobalt (Co), W, 
and iron (Fe) in large concentrations Further, this alloy can provide excellent
ductility due to the formation o f large number o f slip planes in random direction leading 
to sufficient plastic deformation at ambient and elevated temperatures. Alloy C-22 has 
also been used as a filler material in the fabrication o f  welded structural components for 
use in numerous industrial applications Such applications are based on the resistance 
o f this alloy to grain boundary precipitation in the vicinity o f the fusion-line and the heat- 
effected-zone o f welds.
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As indicated earlier in this section, a  maximum temperature o f  950°C has been 
proposed to provide highest possible efficiency in hydrogen generation using the S-I 
processes The American Society o f M echanical Engineers (ASME) Pressure Vessel 
Committee suggests that the structural materials must be tested at a maximum 
temperature equivalent to at least 50°C above the maximum operating temperature. In 
view o f this requirement, the tensile properties o f  Alloy C-22 have been determined at a 
maximum temperature o f  1000°C. However, the testing temperature was varied between 
ambient and 1000°C to evaluate numerous tensile properties as a function o f  temperature.
An earlier study involving another austenitic superalloy (Alloy C-276), performed 
at UNLV under similar experimental conditions, had exhibited an unique metallurgical 
phenomenon, known as dynamic-strain-aging (DSA) which was characterized by
the formation o f  serrations and development o f reduced failure strain (ef) in the 
engineering stress versus strain (s-e) diagrams with increasing temperature within a 
susceptible temperature regime. Since the composition o f austenitic Alloy C-22 is very 
similar to that o f  Alloy C-276, the roles o f  temperature and strain rate have also been 
studied in this investigation to develop a basic understanding o f  tensile deformation at 
elevated temperatures. The reduced ef within a susceptible temperature range may often 
be attributed to the diffusion o f solute or solvent elements into the matrix and in the 
vicinity o f grain boundaries, thus, impeding the dislocation motion causing reduced 
plasticity. Therefore, transmission electron microscopy (TEM) was employed to 
characterize dislocations, and determine the magnitude o f  their density (p) at different 
temperatures.
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The thermal stresses to be developed in the presence o f aggressive chemical species 
(H2SO4 and HI) at elevated temperatures can also adversely affect the performance o f  
Alloy C-22 in hydrogen generation using the S-I process. Environmental degradations 
including SCC, general corrosion, pitting, and crevice corrosion may be experienced by 
structural materials under such operating conditions. Therefore, numerous state-of-the-art 
experimental techniques have been used to evaluate these types o f  degradations in an 
acidic solution at ambient and elevated temperatures. Further, the use o f  electrochemical 
methods has been explored to determine the localized and SCC behavior o f this alloy. 
Finally, the fractographic evaluations o f the tested specimens have been performed using 
scanning electron microscopy (SEM) and optical microscopy (OM). In essence, the 
development o f a comprehensive understanding o f  plastic deformation and environmental 
degradations o f Alloy C-22 has been attempted in this investigation as functions o f 
mechanical, metallurgical, and environmental parameters relevant to the S-I process.
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CHAPTER 2
TEST MATERIALS, SPECIMENS AND ENVIRONM ENT
2.1 Test Material
As described in the earlier section, the structural materials to be used in high 
temperature heat exchangers (S-I cycle) under the nuclear hydrogen initiative (NHI) 
program must withstand unusually high operating temperatures in the presence o f 
aggressive chemical species. Thus, these materials must have superior tensile strength 
and excellent corrosion resistance. Literature suggests that Ni-base austenitic superalloys 
such as Alloy C-22 may be capable o f meeting the desired requirements with respect to 
the tensile strength and corrosion resistance. This alloy has been extensively used in 
numerous industrial applications due to these superior properties. In addition to the 
superior tensile strength, this alloy possesses enhanced ductility and toughness, which 
can be attributed to the formation o f stable face-centered-cubic (FCC) crystal structure 
that can be retained even at unusually high temperatures.
The presence o f  high concentration o f Cr in this alloy can provide excellent corrosion 
resistance in many hostile environments including seawater and acidic solutions 
containing H2SO4, hydrochloric acid (HCl) and chlorinated organics The superior 
corrosion resistance o f  this alloy may be attributed to the formation o f  protective Cr2 0 3  
films on the m aterial’s surface. In addition, the presence o f  Mo can enhance the localized
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
corrosion resistance o f  this alloy in many hostile environments The presence o f
significantly reduced carbon (C) and silicon (Si) content in this alloy is also beneficial to 
prevent grain boundary precipitation during welding involving high temperature heating 
cycles. The standard physical properties o f  Alloy C-22 are given in Table 2.1.
Table 2.1 Physical Properties o f  Alloy C-22
Density 8.69 g/cm^
Melting Range 1357-1399°C
Electrical Resistivity 1.14 microhm-m
Mean Coefficient o f  Thermal Expansion 12.4x lO 'W m .K
Thermal Diffusivity 2.7 X 10'^ m^/s
Thermal Conductivity 10.1 W/m.K
Specific Heat 414 J/Kg.K
Based on the superior tensile and corrosion properties, discussed above. Alloy C-22 
had been identified as a suitable heat-exchanger material for application in the NHI 
program. Alloy C-22, evaluated in this investigation, was procured from a vendor in a
heat-treated condition. This heat-treatment consisted o f solution-annealing at 2100 F 
(1149 C) for approximately one hour followed by quenching in water to achieve an 
austenitic matrix. Four different heats o f  Alloy C-22 were used to prepare different types 
o f test specimens. The chemical compositions o f  these heats o f  material are given 
in Table 2.2. The vendor-supplied tensile properties o f this alloy at ambient
temperature are given in Table 2.3 that showed slight variations in these properties.
10
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Table 2.2 Chemical Compositions o f  Alloy C-22 (wt %)
Heat Number/Specimen Mac lined
Element 103255475/ 3037BG12/ 227743210/ 22775325%
Tensile and 
Polarization
Tensile DCB, CT C-ring, U-bend, 
Coupon
C 0.004 0.003 0 . 0 0 2 0.004
Mn 0 . 2 0 . 2 1 0.26 0.25
Fe 2.4 2.95 3.6 4
P 0 . 0 1 0.004 0 . 0 1 1 0.006
S 0.004 0.0039 0.004 0.004
Si 0 . 0 2 0 . 0 0 1 0.031 0.034
Ni Bal Bal Bal Bal
Cr 21.5 21.42 21.4 21.4
Mo 13.4 13.67 13.1 13
V 0.17 0 . 0 1 0 . 0 2 1 0.03
W 2.8 2.91 3.2 2.7
Co 0 .1 0 . 1 1 0.84 1.006
DCB: double-cantilever- )eam
CT : compact-tension
Table 2.3 Ambient-T emperature Tensile Properties o f  Alloy C-22
Properties Heat INumber103255475 3037BG12 227743210 227753252
Yield strength 
ksi (MPa) 57.6(397) 53.3 (367) 58.5 (403) 4fU2(325)
Ultimate Strength 
ksi (MPa) 110.2 (759) 111(765) 106(730) 107 (738)
%E1 68 64 62 65
2.2 Test Specimens
2.2.1 Smooth Cylindrical Specimen for Tensile Testing
Smooth cylindrical specimens o f Alloy C-22, having an overall length o f 4-inches 
(101.6 mm), a gage length o f  1 -inch (25.4 mm) and a gage diameter o f 0.25-inch (6.35 
mm) were used in tensile testing. These specimens were fabricated from the heat-treated
1 1
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materials in such a way that the gage section was parallel to the longitudinal rolling 
direction. A ratio o f  4 was maintained between the gage length and the gage diameter o f 
these specimens to satisfy the requirements prescribed by the ASTM designation E 8 - 
2004 A pictorial view and the detailed dimensions o f  the smooth cylindrical 
specimens are shown in Figure 2.1.
(a) Pictorial View
00.436R0.5
1.000
1636
2.500
4.000
0.06X45=-
(b) Dimensions 
Figure 2.1 Configuration o f  the Tensile Specimen
2.2.2 Smooth Cylindrical Specimen for SSR Testing
The susceptibility o f  Alloy C-22 to SCC was determined under a slow-strain-rate 
(SSR) condition using smooth cylindrical specimens having dimensions somewhat 
different from those used in tensile testing. In view o f the excellent ductility o f  this alloy, 
the gage section was modified with the length and diameter reduced to 0.5-inch
12
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(12.7mm) and 0.125-inch (3.175mm), respectively so that a maximum load o f  7500 lbs, 
associated with SSR unit, could be utilized in SCC testing. A pictorial view  and the 
detailed dimensions o f this specimen are illustrated in Figure 2.2.
(a) Pictorial View
(b) Dimensions 
Figure 2.2 Configuration o f the SSR Test Specimen
2.2.3 Polarization Specimen for Localized Corrosion Testing
Cylindrical specimens having 0.5-inch (12.7 mm) length and 0.375-inch (9.5 mm) 
diameter were used to evaluate the localized corrosion (pitting/crevice) behavior o f Alloy 
C-22 using an electrochemical polarization technique A pictorial view and the 
dimensions o f the polarization specimen are illustrated in Figure 2.3.
13
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(a) Pictorial View
3 - 48 UNC - 2B TAP 0.125 ± 0.03 
(? 47 DRII.1. 10.0785) 0,250 i  0.063 
Bl.lKD HOl.E
-0.500 r 0.005-
SrCTlOX AA
(b) Dimensions 
Figure 2.3 Configuration o f the Polarization Specimen
2.2.4 Specimens for SCC Testing under Controlled Potentials
Environmental conditions including temperature, pH and concentration o f  chemical 
species may change with time, which can influence the cracking susceptibility o f  a 
material o f  interest under a loaded condition Such changes in environmental 
parameters can lead to the variation o f  electrochemical potential resulting from anodie
14
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and cathodic reactions. Therefore, extensive efforts have been made in this investigation 
to evaluate the role o f potentiostatic polarization on the SCC susceptibility o f  Alloy C-22. 
It is well known that austenitic materials containing a large amount o f  Ni are resistant to 
hydrogen-induced embrittlement resulting from cathodic charging. Therefore, SSR 
testing using modified smooth cylindrical specimens was performed under two different 
anodic controlled potentials (Econt)- A conductive metallic wire was spot-welded at the 
junction between the upper gage section and the shoulder o f  the cylindrical specimen 
(Figure 2.4) to apply the desired Econt using a calibrated potentiostat. The conductive wire 
was subsequently coated with a laquor to prevent a direct contact o f the test material with 
the testing environment.
Figure 2.4 Pictorial View o f Specimen used in Econt Testing
2.2.5 SCC Testing using DCB specimen
Rectangular DCB specimens having 4-inches (101.6mm) length, a 1-inch 
(25.4mm) width and a 0.375-inch (9.525mm) thickness were used to determine the SCC 
susceptibility o f Alloy C-22 in an autoclave that contained the test solution. The DCB 
specimens were loaded with wedges o f different thickness at the slot located at the front 
end, as shown in Figure 2.5. These specimens, having V-shaped side grooves extended
15
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from the slot to the opposite end, were machined according to the NACE standard 
TM0177-1990 These side grooves were machined on opposite sides o f  the DCB
specimens to prevent branching o f  cracks, if  any. These side grooves were machined as 
2 0 % o f the wall thickness, thus, maintaining a web thickness (Bn) equal to 60% o f the 
wall thickness (0.225-inch or 5.715 mm). The fabrication o f  the DCB specimens was 
done in such a way that the crack plane was perpendicular to the short transverse 
direction, thus ensuring that crack propagation would occur in the longitudinal rolling 
direction.
(a) Pictorial View
4-0.06250.375 —— 
lO.002
No. 11 DRILL (0.191) 2 PLCS
0.0937 SLOT
— —  0 . 254.0.004
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0.125=0.3125
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(MILLING CUHER)
Bn= 0.225 
= 0.002
45° -50°,.01±.002 
\  RADIUS f GROOVEROOT
Section B-B
(b) Dimensions 
Figure 2.5 Configuration o f  the DCB Specimen
2.2.6 SCC Testing using C-ring and U-bend Specimens
Self-loaded C-ring and U-bend specimens were also tested in this investigation to 
determine the cracking susceptibility o f  Alloy C-22 a similar acidic solution. C-ring 
specimens are suitable for evaluating the SCC behavior o f  materials in the short- 
transverse (thickness) direction. A  combination o f  tensile and compressive stresses 
respectively, can be generated along the convex and concave surfaces o f a C-ring 
specimen. The outer convex surface did experience the maximum constraint due to the 
tensile loading. This situation was further aggravated in the presence o f  an aqueous acidic 
solution that could induce environment-assisted cracking.
The C-ring specimens tested in this investigation had an outer diameter o f 1.00-inch 
(25.4 mm) and an inner diameter o f  0.75-inch (19.05 mm) with a width o f 0.50-inch (12.7 
mm), as illustrated in Figure 2.6. These specimens were machined and loaded according 
to the ASTM  Designation G 38-2001
17
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(a) Pictorial View
01.000
00.375
00.750
0.933
— 0.500 [ * -
(b) Dimensions 
Figure 2.6 Configuration o f the C-ring Specimen
The U-bend specimens were fabricated by bending a rectangular strip o f Alloy C-22 
at 180 around a pre-determined radius. The two arms o f these specimens were made 
parallel to each other to ensure uniform plastic strain during the bending process. This 
was accomplished by maintaining a uniform distance between the two arms. Thus, the 
plastic strain imparted to these specimens during their fabrication was maintained 
constant. The configuration o f  the U-bend specimen is illustrated in Figure 2.7. For SCC
18
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testing in the acidic solution o f a similar pH, these specimens were loaded according to 
the ASTM Designation G 30-1997
ÉMMK
(a) Pictorial View
0 1 . 5 0
0 1 .2 6
1.00
0.20
0.34
(a) Dimensions 
Figure 2.7 Configuration o f  the U-bend Specimen
2.2.7 General Corrosion Testing using Coupons
Rectangular coupons (Figure 2.8) were used to determine the general corrosion rate 
based on their weight-loss while exposed to the acidic solution for variable time periods 
at 100°C. These coupons had a 1.25-inches (31.75 mm) length and a 0.75-inch (19.05 
mm) width, and a 0.125-inch (3.175 mm) thickness. A circular hole having a diameter o f
19
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0.25-inch (6.35 mm) was also machined at the top center for holding it during exposure 
to the test solution contained inside the autoclave.
0.125
0.325
0.750
(a) Pictorial View (b) dimensions
Figure 2.8 Configuration o f  Coupon
2.2.8 Compact-Tension Specimen for Crack-Growth-Rate Evaluation
The structural materials to be used in the S-I process may contain minute cracks, 
which may propagate under the operating conditions related to this cycle. Therefore, 
initial efforts have been made to determine the crack-growth-rate (CGR) o f Alloy C-22 at 
ambient temperature under cyclic loading. The use o f  cyclic loading during crack-growth 
study was aimed at simulating the unknown thermal stresses that may fluctuate during the 
FI2SO4 decomposition process at elevated temperatures. Fracture mechanics-based CT 
specimens were used in crack growth study in an Instron testing equipment. The 
configuration o f a CT specimen including its dimensions is given in Figure 2.9. These 
specimens were fabricated according to the ASTM Designations E 399-1999 and E 647- 
2000 respectively. The intersection o f  the crack starter notch tips with the two
specimen surfaces were made equidistant from the top and bottom edges o f  the specimen
20
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within 0.005W , where W is the width o f the specimen. A root radius o f  0.003-inch (0.25 
mm) was provided for the straight-through slot terminating in the V-noteh o f  the 
specimen to facilitate fatigue pre-cracking at low stress intensity levels. A width (W ) to 
thickness (B) ratio (W/B) o f  4 was maintained for the CT specimens.
«0.250 ~| t
O
G.POS —I
0£t0 —
(a) Pictorial View (b) Dimensions
Figure 2.9 Configuration o f the CT Specimen
2.3. Test Environment
The operating environments associated with the proposed S-I process can play a 
significant role on the performance o f structural materials to be used in hydrogen 
generation using nuclear heat. As mentioned in chapter 1, the S-I process will involve the 
formation and decomposition o f H 2 SO4 and HI at different temperatures. However, such 
elevated temperatures could not be accommodated in the M aterials Performance 
Laboratory (MPL) o f  UNLV. Therefore, an aqueous solution containing H2SO4 and 
sodium iodide (Nal) was initially used for evaluation o f  the SCC behavior o f  Alloy C-22 
in SSR testing, with and without Econt- Later corrosion studies using DCB, C-ring, U- 
bend and coupon were performed in an acidic solution o f similar pH without the addition
21
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o f Nal. The maximum temperatures used in SSR and autoclave testing were 90 and 
100°C respectively. The compositions o f  both testing environments are given in Table
2.4.
Table 2.4 Compositions o f  Testing Environments
Specimen Type Solution (pH) N al(gram/liter) H2SO4
CPP and Econt Acidic (1.0) 1 0 Added to adjust the desired pH
DCB, C-ring, 
U-bend, and 
Coupons
Acidic (1.0) - Added with water to get the desired pH
22
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CHAPTER 3
EXPERIMENTAL PROCEDURES 
The structural materials to be used in heat-exchangers associated with the S-I process 
must be capable o f  withstanding high temperatures approaching 1000°C in the presenee 
o f aggressive chemical species including H 2 SO4 and HI. However, an experimental 
program involving H2 SO4 and HI in the testing environment was not feasible at MPL due 
to the lack o f  proper infrastructure to handle toxic chemical species such as HI. 
Therefore, extensive corrosion studies involving Alloy C-22 have been performed using 
an acidie solution containing H2SO4 and N al, as described in the previous section. 
Simultaneously, the tensile properties o f  this alloy have been evaluated at temperatures 
up to 1000°C in the presence o f an inert atmosphere. The different state-of-the-art 
experimental techniques used in this investigation to evaluate both the tensile properties 
and corrosion behavior are described next in the following subsections.
3.1 Tensile Testing
The tensile properties including the yield strength (YS), ultimate tensile strength 
(UTS), and the ductility in terms o f  percent elongation (%E1) and percent reduction in 
area (%RA) were evaluated using an Instron equipment (model 8862). Initially, smooth 
cylindrical specimens were loaded in tension at a strain rate o f 5 x 10"  ^ sec'' according to
23
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the ASTM Designation E 8-2004 Three specimens were tested at each temperature, 
and the average values o f  the measured parameters were subsequently recorded. The 
experimental data including the load, engineering stress and strain were recorded in the 
data file. The engineering stress versus strain (s-e) diagrams were automatically 
generated using the Bluehill 2 software program that also enabled the data acquisition 
during tensile testing. The magnitudes o f YS, UTS and %E1 at each temperature were 
available from this software. Upon completion o f testing, the ductility parameters (%E1 
and %RA) were also calculated from the dimensions o f the tested specimens using 
Equations 3.1 through 3.4.
% El =
%RA =
A.. =
Ao -  Aj
: 1 0 0 ; Lf> Lo 
<1 0 0 ; A o > A f
A ,  =
71 X D f
Where,
Ao = Initial cross sectional area (inch )
Af = Cross sectional area at failure (inch^) 
Lo == Initial overall length (inch)
Lf = Final .overall length (inch)
Lg = Initial gage Length (inch)
Do = Initial gage diameter (inch)
Df = Final gage diameter (inch)
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The Instron equipment, shown in Figure 3.1, had an axial load capacity o f  22.5 kip 
(100 kN). It had a single screw electromechanical top actuator that was developed for 
static and quasi-dynamic cyclic testing at variable speeds. This equipment consisted o f  a 
large heavy-duty load frame with an adjustable crosshead attached to the top grip, and a 
movable actuator with another grip at the bottom to enable loading and unloading o f the 
test specimen. The axial motion was controlled by force, displacement, or an external 
signal from the strain gage. The speeimen was mounted between the two grips and pulled 
by the movable actuator. The load cell measured the applied force on the tensile 
specimen. The movement o f  the upper crosshead relative to the lower one measured the 
strain within the specimen and consequently, the applied load. The key specifications o f  
the Instron equipment are given in Table 3.1.
Figure 3.1 Instron Testing Machine
Top Actuator 
Heating Chamber
Tensile Specimen 
Heating Coils
Control Panel 
Load Cell
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T able 3.1 Specifications o f Instron Machine
Load 
Capacity at 
RT
Total
Actuator
Stroke
Maximum 
Ramp Rate
Actuator
Attachment
Threads
Load Cell 
Attachment 
Threads
100 kN 1 0 0  mm 350 mm/min M30 X 2 M30 X 2
A split furnace (model MDS1735A) was attached to the testing system for evaluating 
the tensile properties at elevated temperatures in the presence o f  nitrogen. This furnace 
was capable o f  sustaining a maximum temperature o f 1500°C, and consisted o f  two 
water-cooled stainless steel jackets that provided a safe ergonomic outer surface for 
handling o f  grips during operation. This furnace had two layers o f micropores and 
ceramic fibers over them. Six U-shaped molybdenum heating elements were used for 
attaining the desired temperature. The specimen temperature during straining was 
monitored by three B-type thermocouples contained inside the test chamber. A separate 
control panel (model CU 6 6 6 F) was used to perform the overall monitoring o f 
temperature during tensile loading. This control panel was capable o f maintaining a 
maximum heating rate o f  10°C per minute. However, a slower heating rate o f  6 °C per 
minute was used during testing to prevent any thermal shock o f  the pull rods.
A pair o f  grips was custom-made using MarM 246 alloy to provide high strength and 
resistance to plastic deformation at elevated temperatures. Thus, these grips were capable 
o f holding the cylindrical specimens in an aligned position without causing any distortion 
during tensile testing o f  Alloy C-22 at elevated temperatures. A positive pressure was 
maintained inside the heating chamber by continuously purging nitrogen through it, 
which also ensured the elimination o f  oxygen from the testing chamber, thus, preventing 
contamination or oxidation o f the specimen surface.
26
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3.2 Parameters Related to Tensile Deformation
The plastic deformation o f  structural materials is known to be influenced by several 
metallurgical parameters, namely work hardening index (n), dislocation density (p) and 
activation energy (Q). All three parameters can contribute to the basic understanding o f 
deformation o f  a metal under tensile loading at different temperatures. For example, the 
diffusion o f solute or solvent elements into the metal matrix at elevated temperatures can 
influence the movement o f dislocations developed during plastic deformation o f  this
0
metal. Similarly, the strain rate ( e )  used during tensile deformation can influence the rate 
o f plastic flow as a function o f  the testing temperature. The driving force for plastic
□
deformation as functions o f temperature and £ is expressed in terms o f  activation energy 
(Q). Therefore, extensive efforts have been made in this investigation to determine the 
magnitude o f  n, p and Q for developing a plausible mechanism o f tensile deformation o f 
Alloy C-22 at ambient and elevated temperatures. The analytical methods used to 
calculate these parameters are described next.
3.2.1 Calculation o f Strain Hardening Exponent
Metallic materials and alloys can experience work hardening resulting from dynamic 
loading beyond the elastic limit The extent o f  work hardening, commonly expressed 
as the strain hardening exponent (n), is known to be related to both the true stress (a) and 
true strain (c) by Equation 3.5 This equation, known as the Hollomon
relationship contains a letter K designated as strain hardening coefficient.
a  = Ks "  Equation 3.5
27
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Under an ideal condition, the magnitude o f  n can be determined from the slope o f  a 
straight line obtained by plotting loger versus log 6: at a constant temperature. However, 
depending on the test material, a linear relationship between loger and lo g 6" may not 
always be seen A non-linear relationship between loger and log g has been
cited for some nickel-base alloys. In view o f this rationale, an alternate relationship 
had been proposed by Ludwigson that ineludes a second term (A ) in the Hollomon 
relationship, as shown in Equation 3.6. According to Ludwigson, A can be expressed by 
Equation 3.7, in which K, and n ' are the intercept and the slope o f  a line, respectively, 
generated from the plot o f  log A versus log s .
rr = (Æg" + A) Equation 3 . 6
A = exp^X, Equation 3.7
Under such a non-ideal condition, the magnitude o f n can be determined from the plot 
o f logo- versus log g using the best linear part o f the resultant non-linear plot. A 
superimposition o f  both the linear and non-linear relationships between log a  and log £
is illustrated in Figure 3.2. As shown in this figure, the linear portion o f Ludwigson's
curve coincided with the straight line obtained from the plot o f  loger versus lo g f  
according to the conventional Hollomon relationship. Such coincidence o f both plots 
occurs at relatively higher strain ( g )  values. The magnitudes o f n at different 
temperatures and strain rates were eventually determined using the true strain values 
corresponding to this linear portion o f  the superimposed plots It should also be
noted that a minimum value o f A (approaching zero) was taken into consideration to 
determine the n value using the superimposed linear portions o f both plots.
28
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2 .2 -
Ludwigson Relation ( a  = Ke" + A )
2 .0 -
1 .7 -
Ideal Hollomon Relation ( a  = Ke")
?  1.6 -
1 .4 -
- 1.6 - 1.4 - 1.2 - 1.0
Log True Strain
- 0.8 - 0.6 - 0.4
Figure 3.2 Hollomon vs. Ludwigson Relationship
3.2.2 Caleulation ofD isloeation Density
The movement o f  dislocations, generated during plastic deformation, can be 
significantly influenced by diffusion o f  solute or solvent elements as functions o f 
temperature and strain rate. The precipitation o f  these elements due to diffusion can 
impede the dislocation motion through the matrix as well as in the vicinity o f  the grain 
boundaries, thus, resulting in reduced plastic strains in the s-e diagrams. Therefore, an 
extensive effort has been made in this investigation to determine the dislocation density 
(p) o f the tested tensile specimens from their TEM micrographs. The magnitude o f  p was 
calculated using the Equation 3.8, which was based on the line intersection method 
According to this method, a grid consisting o f  horizontal and vertical test lines was 
superimposed on the resultant TEM micrographs o f Alloy C-22 that contained 
dislocations, as shown in Figure 3.3
29
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p  =
Z"., Z". Equation 3.8
Where,
= Number o f  intersections o f vertical test lines with dislocations 
^  = Number o f  intersections o f  horizontal test lines with dislocations
= Total length o f  vertical test lines (meters)
= Total length o f horizontal test lines (meters)
t = Average thickness o f  the TEM sample
Figure 3.3 Calculation o f  p by Line Intersection Method
The average thickness (t) o f the thin film specimens o f the tested material, used in 
disloeation characterization, was measured by the electron energy loss spectroscopic 
(EELS) technique using Equation 3.9 This device was available with the Technai
30
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F30 TEM. The measurement o f  t was performed at multiple locations o f the thin film 
specimens.
t = À ln(/, /7^) Equation 3.9
Where,
À, = M ean free path
7, = Total intensity reaching the spectrometer 
7^  = Zero-loss intensity reaching the spectrometer
3.2.3 Caleulation o f  Activation Energy
As indicated earlier in this chapter, reduced ductility in terms o f  plastic strain may 
result in engineering metals and alloys due to the diffusion, and subsequent precipitation 
o f solute/solvent elements near dislocations and grain boundaries at different 
temperatures and strain rates. The reduced failure strain observed within a susceptible 
temperature range, and the formation o f serrations at specific temperatures in the s-e 
diagrams are often associated with the occurrence o f  a metallurgical phenomenon, known 
as dynamie-strain-aging (DSA) The driving force for diffusion o f solute
elements and formation o f  serrations are both thermally-activated processes. Thus, the 
determination o f  activation energy (Q) at different testing temperatures under variable 
strain rates is essential to develop a basic understanding o f  DSA o f an alloy o f  interest.
The engineering strain rate used in the initial phase o f  tensile testing o f  Alloy C-22 at 
ambient and elevated temperatures was 5 x 10 '' sec"'. Later, efforts were made to 
evaluate the effect o f two additional strain rates ( 1 0 "^  and 1 0 "'' see"') at several selected 
temperatures to investigate the DSA phenomenon o f this alloy. It has been suggested
31
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33, 64-66] the critieal true plastie strain (g^) to initiate the formation o f serrations is a
function o f  both the temperature and true strain rate ( e )  according to Equation 3.10
However, it should be noted that at the onset o f  serrations, the magnitudes o f
0
engineering strain (e) and engineering strain rate ( e )  are almost identical to the values o f
Ü 0
£ and £ .  Therefore, for determination o f  Q, e and e were taken into consideration.
^(n,+P) _  exp Q_
R T
Equation 3.10
Where,
Q = Activation energy for development o f serrations (KJ/mole)
R = Universal gas constant (8.314 J/mole K)
T = Absolute temperature (K)
m, P = Exponents related to the variation o f  vacancy concentration 
(Cv) and mobile dislocation density (pm)
K = Constant
It has also been postulated that Cy and pm can be related to the true strain ( £ )  
according to the empirical relationships, shown by Equations 3.11 and 3.12. The 
caleulation o f Q in this investigation was based on the application o f  Equation 3.10,
1 n
in which the natural logarithm o f £  ^ was plotted as a function o f  — at a constant £ ,  thus
giving a straight line having a slope o f
R{m + P)
Cv oc Equation 3.11
Pm oc Equation 3.12
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Taking natural logarithm (In) on both sides o f Equation 3.10,
In g (m+p) h i Æ gexp _Q^
R T
Or, (/w + y0)lnf^ = lnÆ  + lng+ _Q_
R T
Or, In £ = —  r  x — +
In + In g
R { m  + T  (w + y0)
Equation 3.13
Equation 3.13 represents a straight line in the form o f y = Ax + B, where A is the slope o f
the straight line expressed as Q
R{m + P)
. Equation 3.10 can also be rearranged, as
shown by Equation 3.14, which represents a straight line with a slope o f (m + /?) when
0
In £ is plotted as a function o f In £^ at a constant T. Using the value o f  {m + P )  from this
equation, the magnitude o f Q can be determined from the slope Q
R{m + P)
, as shown in
Equation 3.13.
Ing = {m + P^\o£^ ln%  + Q_
RT
Equation 3.14
3.3 SCC Testing using Slow-Strain-Rate Method
Stress corrosion cracking (SC C ) testing, previously performed on A llo y  C -22 at
constant load, did not exhibit any failure in a 90°C acidic solution even at an applied
stress corresponding to 98% o f the m aterial’s room temperature YS value. Therefore,
SCC testing using Alloy C-22 was performed under a slow-strain-rate (SSR) condition
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using constant-extension-rate-testing (CERT) equipment, as shown in Figure 3.4. The 
CERT machines had a loading capacity o f  7500 lbs with linear extension rates ranging 
from 10'^ to 10"  ^in/sec. These equipments had a top-loaded actuator, a testing chamber, a 
linear-variable-differential-transducer (LVDT) and a load cell. The top-loaded actuator 
enabled the loading o f  the specimen at the specified strain rate so that no damage would 
occur to the actuator during straining o f  the specimen due to the spilling o f the test 
solution, if  any. A heating coil was attached to the bottom cover o f  the test chamber for 
elevated temperature testing. A thermocouple was inserted through the top cover o f this 
chamber to monitor the testing temperature. The LVDT measured the displacement o f  the 
gage section o f the tested specimens. The CERT machine used in SSR testing had been 
described in detail in several publications
SCC o f a structural material is characterized by failures resulting from the combined 
effect o f  applied/residual stress and a potent environment. If  the strain rate is too fast, the 
environmental interaction with the specimen is insignificant. On the other hand, at very 
slow strain rates, the test specimens undergo vigorous chemical reactions causing 
dissolution o f the metal surface. Thus, in order to achieve the optimized effects o f  both 
applied stress and the testing environment, a strain rate o f 3.3X10'^ sec'' was used to 
cause SCC o f Alloy C-22, while exposed to an acidic solution at different temperatures. 
The rationalization o f  using this strain rate has been given elsewhere
Load versus displacement and stress versus strain curves were automatically plotted 
during SSR testing. Dimensions (length and diameter) o f  the test specimens were 
measured before and after testing. The cracking tendency o f  the test speeimen was 
measured in terms o f  the time-to-failure (TTF), %E1 and %RA. Further, the true failure
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stress (of) was determined from the s-e diagram and the final dimensions o f  the tested 
specimens. %E1 and %RA were calculated using equations given in a previous 
subsection. The magnitude o f  Of was determined using Equation 3.15, where Pfand Afare 
the failure load and the final cross-sectional area at failure, respectively.
P .
f  A ,
Equation 3.15
A - LVtîT 
U • Top Acluulor 
C  - n n ’h i r c u u J i c n t a l  x T l w i n K c r  
l>- Kotlom Actuator
Figure 3.4 CERT Machine for SSR Testing
3.4 Cyclic Potentiodynamic Polarization Testing
The susceptibility o f Alloy C-22 to localized (pitting and crevice) corrosion was 
determined by using the cyclic potentiodynamic polarization (CPP) technique in the 
acidic solution using a calibrated potentiostat. A three-electrode polarization principle 
was used to perform CPP experiments involving the test specimen as the working 
electrode, two graphite rods as counter electrodes, and silver/silver chloride (Ag/AgCl) 
contained inside a Luggin probe as the reference electrode. The experimental setup used 
in CPP testing is illustrated in Figure 3.5. In order to maintain a continuous flow o f
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electrons through the test solution due to electrochemical reactions, the tip o f  the Luggin 
probe was placed within a proximity o f  2-3 mm away from the test specimen surface, as 
shown in Figure 3.6.
‘jr a p tu tc  C ouriler |
R efe ren ce  Eiectro<le
E le c tro d es
fo rk in g  E lec tro d e  
(T es t S pcc in iic -n )
Figure 3.5 CPP Test Setup
Working
Electrode
Reference Electrode
Luggin Capillary
Figure 3.6 Luggin Probe Arrangement 
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Prior to the performanee o f CPP testing, the potentiostat was calibrated according to 
the ASTM Designation G 5 The calibration process consisted o f  performing 
potentiodynamic polarization testing o f  ferritic Type 430 stainless steel in 1 Normal (IN) 
H 2SO4 solution at 30°C. A standard potentiodynamic polarization curve generated from 
this calibration test is illustrated in Figure 3.7. If  the resultant calibration curve obtained 
by using the potentiostat conformed to the standard shape shown in Figure 3.7, it was 
construed that the potentiostat was functioning accurately. During, the CPP experiment, 
the open circuit or corrosion potential (Ecorr) was measured by connecting the test 
specimen to the Ag/AgCl reference electrode. Subsequently, the test specimen was 
potentiodynamically polarized by scanning potential at a rate o f  0.17 mV/see using the 
calibrated potentiostat. The resultant current density corresponding to the applied 
potential was automatically plotted in a diagram, which is known as the CPP diagram. 
Potential was initially applied in a forward direction followed by a reversal in scanned 
potential once a specified potential range was attained by the potentiostat. If  the 
polarization curve generated during reversed potential scan intersected the initial passive 
potential range obtained during forward scanning, another critical potential known as 
repassivation or protection potential (Eprot) can be identified from the CPP diagram.
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Figure 3.7 Standard Potentiodynamic Polarization Calibration Plot
3.5 SCC Testing under Anodic Controlled Potential
The electroehemieal potential o f a metal-electrolyte system can be influenced by 
many environmental variables including temperature, pH and the concentration o f 
chemical species. W ith time, the magnitudes o f  these variables may undergo changes. 
Thus, the performance o f a material, immersed in an aqueous corrosive environment, 
may be different depending on the variation o f  these environmental parameters. Such 
variations in environmental factors can change the electrochemical potential o f a material 
to either more noble (positive) or more active (negative) values with respect to a 
reference electrode, such as Ag/AgCl. The ennoblement o f electrochemical potential 
beyond Ecorr can eventually reach or exceed a value known as the critieal pitting potential 
(Epit). Above Epit value, a susceptible material may undergo localized breakdown o f its 
passive films, causing the formation o f  pits that can lead to the initiation o f  cracking in 
the presenee o f the same electrolyte. On the contrary, if  the potential become more active
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with respect to Ecorr, atomic hydrogen may be generated, causing embrittlement o f  this 
test material. Thus, a structural material o f interest can be tested for its SCC resistance 
under either an anodic (positive) or a cathodic (negative) applied potential.
Austenitic Alloy C-22 is known to be immune to hydrogen-induced embrittlement 
due to the presence o f  high N i content in it. However, this material may undergo 
dissolution in a hostile environment at potentials more noble to the Epit value. In view o f 
this rationale, SCC testing using the SSR technique was performed involving smooth 
cylindrical specimens o f  Alloy C-22 in the acidic solution under anodic controlled 
potentials (Econt)- The magnitudes o f  Econt were based on the Epu value determined by the 
CPP experiment in an identical acidic environment. Overvoltage o f +100 and +300 mV 
(Ag/AgCl), with respect to the measured Epu value, were applied in SCC testing o f  this 
alloy under a SSR condition both at ambient and elevated temperatures. The spot-welded 
cylindrical specimens, described in the previous section, were subjected to SCC testing 
under anodic Econt until the specimens suffered from total failure. The cracking 
susceptibility determined by this technique was expressed in terms o f  %E1, %RA, TTF, 
and Of in a manner similar to that o f  conventional SSR testing. The experimental setup 
used in SCC testing under anodic Econt is illustrated in Figure 3.8.
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Figure 3.8 Controlled-Potential SCC Testing Setup
3.6 SCC Testing using DCB Specimens
The double-cantilever-beam (DCB) specimens, described in the previous section, 
were loaded by inserting double-taper wedges o f  three different thicknesses into their 
slots. Prior to their loading, they were precracked up to an approximate length o f  2 mm 
using the Instron testing machine according to ASTM Designation E 399-1990 A 
cyclic load with a load ratio (R = Omin/(?max) o f  0.1 and a frequency o f 1 Flz was used to 
precrack the DCB specimens. The thickness o f  the wedge was determined from the load 
versus displacement (P-ô) curve obtained by using a DCB specimen o f Alloy C-22. Three 
sets o f P-Ô values were selected from the linear portion o f  this plot. The wedge thickness 
was calculated using Equation 3.16, corresponding to the selected arm displacement 
values. The thicknesses o f wedges are given in Table 3.2.
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Table 3.2 Thickness o f Wedges to Load DCB Specimens
Specimen No. Arm Displacement, inch (mm)
Wedge Thickness, 
inch (mm)
1 0.021 (0.533) 0.116(2.946)
2 0.016 (0.406) 0.11 (2.794)
3 0.018(0.457) 0.111 (2.819)
4 0.021 (0.533) 0.115(2.921)
5 0.027 (0.686) 0.122 (3.098)
6 0.025 (0.635) 0.12 (3.048)
CTmm = M inimum stress 
cfmax = M aximum stress 
W  = (t + 8 ) Equation 3.16
Where,
W = Wedge thickness (inch)
t = Initial gap between the two arms o f the DCB specimen (inch)
Ô = Displacement corresponding to the desired load (inch)
The DCB specimens, upon precracking and wedge loading, were immersed into the 
100°C acidic solution contained in an autoclave (Figure 3.9) for durations o f 30 and 60 
days. Upon completion o f testing, the specimens were taken out o f the autoclave and the 
pH of the solution measured. The tested specimens were subsequently unloaded by 
removing the wedges through application o f  tensile loads in the same Instron machine. 
The final load, imparted by the wedge at the conclusion o f SCC testing, was determined 
from the P-ô plot as the lift-off load. Subsequently, the unloaded specimens were broken
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open under tensile loading using the Instron machine, and the final crack length was 
measured on the broken surfaces using the SEM micrographs developed on them. A 
metallographic montage was subsequently prepared using optical microscopy to estimate 
the approximate size o f  the different cracked regions. The initial and final stress intensity 
factors (K iand Kf) were calculated using Equation 3.17 The calculated values were 
based on the initial and final loads and the crack lengths before and after testing.
Where,
P = 
a = 
h = 
B : 
Bn
1/VÏ
Bh 3/ 2
Equation 3.17
W edge load (initial and final) measured in the loading plane (Ib-force) 
The initial or final crack length, measured from the load line (inch) 
The height o f  each arm (inch)
The specimen thickness (inch)
The web thickness (inch)
1
Figure 3.9 Autoclave used in DCB Testing
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3.7 SCC Testing using C-ring and U-bend Specimens
C-ring and U-bend specimens o f  Alloy C-22 were tested in the 100°C acidic solution 
contained in the autoclave for periods o f 30 and 60 days to evaluate the effect o f the 
circumferential (hoop) stress and environment on the cracking susceptibility o f  this alloy. 
Testing at higher temperatures could not be performed due to the leakage o f  solution at 
the top lid o f  this autoclave.
The C-ring specimens were loaded at 98% o f the ambient temperature YS value o f 
Alloy C-22 according to the ASTM Designation G 38-2001 The displacement (A) o f 
the outer diameter o f  the C-ring specimen corresponding to the applied stress was 
calculated using Equation 3.18. A correction factor (Z) for the curved beam was obtained 
using Figure 3.10 based on the ratio o f the mean diameter to the wall thickness o f the 
C-ring specimen.
O D f =  ( O D i - A )  Equation 3.18
fUD^
ODf = Outside diameter o f the stressed C-ring specimen 
ODj = Outside diameter before stressing 
f  = Desired stress (psi)
A = Change o f  outer diameter after applying the desired stress 
D = Mean diameter (ODj-t) 
t = Wall thickness 
E = M odulus o f  elasticity 
Z = Correction factor for curved beam
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Figure 3.10 Correction Factor for Curved Beams
For SCC testing using the U-bend specimens, the distance between the two legs was 
maintained constant by using a nut and a bolt for tightening. Thus, the magnitude o f 
stress applied to these specimens was uniform prior to their exposure into the test 
solution. The loading o f the U-bend specimens was performed according to the ASTM 
Designation G 30-1997 Upon completion o f testing, both C-ring and U-bend 
specimens were examined both visually and by microscopic techniques to detect the 
presence o f cracks, if  any.
3.8 General Corrosion Testing using Coupons
Rectangular coupons o f  Alloy C-22 were immersed into the acidic solution contained 
inside the autoclave at 100°C for periods o f 30 and 60 days to determine their weight­
less. The average corrosion rate, based on duplicate testing, was calculated from the 
weight-loss according to Equation 3.19
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534PF _ . . . .mpy = --------  Equation 3.19
DAT
Where,
mpy = Corrosion rate in mills per year 
W = Weight-loss in milligrams 
D = Density o f the material in gms/cm^
A = Total exposed surface area o f the specimen in sq.inch
T = Total exposure time (test duration) in hrs
3.9 Crack Growth Rate Study using CT Specimens
Compact-tension (CT) specimens o f Alloy C-22 were initially precracked 
according to the ASTM Designation E 399-1999^''^^, followed by a crack propagation 
study under cyclic loading according to the ASTM Designation E 647-2000 "^*^1 The
magnitudes o f  R and loading frequency were 0.1 and 1 Hz, respectively. The monitoring
o f cracks during precracking and crack propagation study under cyclic loading was both 
performed by using an in-situ crack monitoring device, known as direct-current-potential- 
drop (DCPD) technique. The DCPD method is based on the measurement o f potential 
drop at a constant current between two fixed points on either side o f  the crack in the CT 
specimen, as crack propagates. The resultant potential drop due to the increase in 
electrical resistance can provide an accurate measurements o f crack growth and other 
related parameters, as described in ASTM Designation E 647-2000
The crack-growth-rate (CGR) testing and the analysis o f  the resultant data were 
performed using a special software program provided by the Fracture Technology 
Associates. CGR in structural materials under cyclic loading is governed by the Paris law
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which is shown by Equation 3.20. The magnitude o f slope (m) can be determined 
from the plot o f  log (da/dN) versus log (AK), as shown in Equation 3.21.
da/dN = A(AK)'" 
log (da/dN) = log (A) + m log (A K )
Where,
da/dN = CGR under cyclic loading, mm/cycle 
A K  = (Kmax - Kmin), M PaVm 
Kmax = M aximum stress intensity factor, MPa -Jm 
Kmin = M inimum stress intensity factor, MPa yfm 
a = Crack length, mm 
N = Number o f  cycles 
A = Constant
m = Slope o f  the linear portion o f this plot 
R  =  (Kmin/Kmax)
Equation 3.20 
Equation 3.21
3.10 Optical Microscopy
The microstructure plays an important role in differentiating properties o f one 
material from other. Thus, the evaluation o f  the metallurgical microstructure constitutes a 
significant step in characterizing the performance o f  a material o f  interest. A Lieca 
optical microscope (Figure 3.11) was used for both microstructural analyses and 
examinations o f  the tested specimen surface. This equipment was capable o f 
characterizing microstructures at resolutions up to lOOOX. A digital camera with a
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resolution o f  1 Mega pixel enabled image capture on a computer screen, utilizing a Leica 
software.
For microstructural evaluations, it is customary to prepare a specimen surface with a 
high precision. Thus, a conventional method was used to prepare the specimen surface 
for microscopic evaluation. This method consisted o f mounting a sample using an 
appropriate ratio o f epoxy and hardener. The mounted specimens were subsequently 
ground using rotating discs containing abrasive papers. The grinding procedure involved 
several stages using a finer paper each time. The polished sample was then washed with 
deionized water to prevent any contamination and dried with ethanol. Finally, etching o f 
the polished surface was done using glyceragia reagent to reveal the microstructures. This 
etchant contained 15 ml o f concentrated hydrochloric acid (HCl), 10 ml o f  glycerol and 5 
ml o f concentrated nitric acid (HNO3)
W  I
Figure 3.11 Leica Optical Microscope
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3.11 Scanning Electron M icroscopy
The extent and morphology o f failure o f the tested specimens were determined using 
a scanning electron microscope (SEM). M etallurgical failures can be classified into 
either ductile or brittle, which can be identified by the examination o f the resultant 
micrographs. The tested specimens were sectioned into 1/2 to 3/4 o f  an inch in length to 
accommodate them  inside the vacuum chamber o f  the SEM for fractographic evaluations.
Electrons from a metal filament are collected and focused into a narrow beam during 
SEM evaluation. Electrons scattered from the subject are detected, and create a current, 
the strength o f which makes the spot on the computer brighter or darker. This creates 
black and white photographic image with an exceptional depth o f field. A JEOL-5600 
SEM, shown in Figure 3.12, was used in this investigation that had a resolution up to 
100,000X.
Figure 3.12 Scanning Electron Microscope 
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4 
RESULTS
As indicated earlier in previous sections, different types o f  testing have been 
performed involving Alloy C-22 o f four different heats. Different heats o f materials were 
used to fabricate specific types o f specimens depending on the configuration o f  the 
available heats o f  material. The types o f testing performed can broadly be classified into 
two major categories including metallurgical testing and corrosion testing. Subsequently, 
characterizations o f the tested specimens have been performed by optical microscopy, 
SEM and TEM, where applicable. For simplicity, the results o f metallurgical testing will 
be presented first followed by that o f corrosion testing. The metallurgical data will 
include tensile properties as functions o f  different experimental variables such as 
temperature and strain rates. Subsequently, the results o f corrosion testing will be 
presented as functions o f  environmental and loading conditions. Characterization, which 
is applicable to both areas, will then be presented.
4.1 Microstructural Evaluations
The metallurgical microstructures o f all four heats o f Alloy C-22, determined by 
optical microscopy, are illustrated in Figure 4.1 in an etched condition. The etchant used 
with all materials was glyceregia. An evaluation o f  these micrographs revealed austenitic
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grains, a characteristic o f a Ni-base superalloy, such as Alloy C-22 in  addition 
annealing twins resulting from solution-treatment o f  these materials were noted in these 
micrographs.
4
(a) Heat No. 103255475, 50X
(b) Heat No. 3037BG12, 50X
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(c) Heat No. 227743210, 50X
(d) Heat No. 227753252, 50X 
Figure 4.1 Optical Micrographs o f  Alloy C-22
4.2 Tensile Properties Evaluation
The results o f  tensile testing o f Alloy C-22, performed at temperatures up to 1000°C
at a strain rate ( e )  o f  5 X lO’'* sec'*, are illustrated in Figure 4.2 in the form o f 
superimposed engineering stress versus engineering strain (s-e) diagrams. An
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examination o f  these s-e diagrams indicates that the tensile strength o f  this alloy in terms 
o f  both yield strength (YS) and ultimate tensile strength (UTS) was gradually reduced 
with increasing temperature. The reduced tensile strength at elevated temperatures is the 
result o f enhanced plastic flow, thus, allowing tensile deformation to occur at relatively 
lower stresses. Nevertheless, relatively high strength in terms o f  YS was observed up to a 
temperature o f  900°C. Simultaneously, this alloy was capable to maintain relatively high 
UTS values at temperatures up to 700°C. At 1000°C, no distinction could be made 
between YS and UTS. The relatively high tensile strength observed with Alloy C-22 at 
elevated temperatures might be beneficial to provide high efficiencies in hydrogen 
generation using the S-I cycle. It should, however, be noted that the critical design stress 
necessary to achieve the maximum possible efficiency is yet to be established.
Alloy C-22
1 2 0 -,
1 1 0 -
1 0 0 -
9 0 -
:— - 500°C 
6 0 0 ° C
8 0 -
7 0 -
6 0 -
5 0 -
800°C
3 0 -
900°C
2 0 -
1 0 -
100
Engineering Strain, e (%)
Figure 4.2 Engineering Stress-Strain Diagrams vs. Temperature
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An interesting observation made from these s-e diagrams was that the magnitude o f  
plastic strain (cf) was gradually reduced with an increase in temperature from ambient to 
600°C. For conventional engineering metals and alloys, the reduced tensile strength with 
increasing temperature is usually associated with enhanced ductility in terms o f  ef. Thus, 
the gradually reduced ef values with increasing temperature (up to 600°C), as seen in this 
investigation, may sound irrational or inconsistent from the basic deformation mechanism 
point o f view. Metallurgically speaking, a similar phenomenon o f reduced ef with 
increasing temperature has also been reported for other Ni-base alloys including Alloy C- 
276, which have recently been investigated at MPL with in a similar testing 
temperature range.
Beyond a susceptible temperature regime (ambient-600°C), the magnitude o f ef was 
steadily increased even up to a temperature o f  1000°C. Simultaneously, serrations o f 
varied heights were seen with Alloy C-22 at temperatures ranging from 300 to 700°C, as 
illustrated in Figure 4.2. The occurrence o f reduced ef and development o f serrations in 
the s-e diagrams at certain temperatures is a manifestation o f a complex metallurgical 
phenomenon, known as dynamic-strain-aging (DSA) o f engineering metals and alloys. 
The concept o f  DSA is known to be associated with the diffusion o f either
interstitial or substitutional solute elements into the metal matrix, which can impede the 
dislocation mobility through grains and past the grain boundaries. A detailed analysis o f 
DSA phenomenon observed with Alloy C-22 is presented later in this section in terms o f 
dislocation density (p), activation energy (Q) and work-hardening index (n).
The different tensile properties including YS, UTS, %E1 and %RA, determined from 
the superimposed s-e diagrams and the dimensions o f  cylindrical specimens before and
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after testing, are given in Table 4.1. As indicated earlier, the magnitudes o f  YS and UTS 
were gradually reduced, showing drastic drops in both parameters at 1000°C. The 
occurrence o f  DSA effect is reflected in the %E1 values up to a temperature o f 600°C, 
where a minimum ductility in terms o f  this parameter and ef was noted. W ith respect to 
the %RA, its value was lowest at 700°C. Subsequently, the magnitudes o f  both ductility 
parameters were enhanced, as anticipated. The variations o f YS, UTS, %E1 and %RA 
with temperature are illustrated in Figures 4.3, 4.4, 4.5 and 4.6, respectively.
Table 4.1 Average Tensile Properties versus Temperature
Temperature, °C YS, ksi UTS, ksi %E1 %RA
30 55.0 114.3 89.1 59.2
100 47.2 103.2 87.5 55.9
2 0 0 42.9 99.6 86.3 55.1
300 38.2 96.2 85.1 52.7
400 37.9 95.8 84.4 53.1
500 33.6 90.0 82.8 49.1
600 31.2 85.3 82.6 45.7
700 30.9 81.8 84.4 44.1
800 29.0 50.9 87.8 56.4
900 28.8 29.9 93.1 57.5
1 0 0 0 12.7 13.2 96.7 64.8
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Figure 4.3 YS vs. Temperature
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Figure 4.4 UTS vs. Temperature
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4.3 Dislocation Density Calculations
The reduced plastic strain and the formation o f  serrations, observed in Figure 4.2, can 
be related to the concentration o f  dislocations within the matrix and near the grain 
boundaries o f  a structural material. The dislocation density (p) can be significantly 
influenced by the diffusion o f  solute elements at temperatures, where the tendency for 
DSA was observed with Alloy C-22. The precipitation o f these solute elements at 
susceptible locations within the metal matrix can impede the dislocation mobility, thus, 
leading to reduced ductility in terms o f  Cf, as seen in this investigation. Therefore, 
extensive efforts were made to determine the magnitude o f p at ambient temperature, 
500, 600, 700 and 800°C that covered the susceptible temperature regime for DSA to 
occur, and beyond.
As described in the previous section, the magnitudes o f p were determined from the 
TEM micrographs o f  thin film specimens o f  Alloy C-22 tested at different temperatures 
using a grid method The TEM micrographs o f specimens tested at ambient 
temperatures, 500, 600 and 700°C are illustrated in Figures 4.7 through 4.10. The average 
values o f  p corresponding to different testing temperatures are given in Table 4.2. An 
evaluation o f  these data clearly reveals that the magnitude o f p was highest at 600°C, 
showing an order magnitude higher value compared to those at other temperatures. It 
should be noted that the lowest ductility in terms o f  Cf and %E1 was observed at 600°C, as 
shown in the superimposed s-e diagrams and Table 4.1. Thus, the maximum p value at 
600°C, calculated from the TEM micrographs, is consistent with the observed lowest 
ductility, which signifies by the occurrence o f  the DSA phenomenon. The variation o f  p 
with temperature is also illustrated in Figure 4.11.
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4.7 TEM Micrograph o f  Alloy C-22 Specimen Tested at Ambient Temperature
4.8 TEM Micrograph o f  Alloy C-22 Specimen Tested at 500°C
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4.9 TEM M icrograph o f  Alloy C-22 Specimen Tested at 600°C
4.10 TEM M icrograph o f  Alloy C-22 Specimen Tested at 700°C
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Table 4.2 Average Dislocation Density versus Temperature
Test temperature Dislocation Density, p 
(No./m^)
30 2.16E+14
500 6.39E+14
600 1.27E+15
700 1.41E+14
800 1.18E+14
1 .4 0 E + 1 5
1 .2 0 E + 1 5
1 .0 0 E + 1 5
8 .0 0 E + 1 4
6 .0 0 E + 1 4
4 .0 0 E + 1 4
2 .0 0 E + 1 4
O .O O E + 0 0
9 0 07 0 0 8 0 03 0 0 4 0 0  5 0 0
Temperature (°C)
6 0 01 0 0 200
4.11 Dislocation Density vs. Temperature
4.4 Activation Energy Calculation
As indicated earlier, the phenomenon o f  DSA is influenced by both temperature and
strain rate. A t the onset o f tensile properties evaluation, an engineering strain rate ( e ) of
O
5 X 1 0 '  sec' was used. Therefore, in order to study the effect o f  e on the DSA behavior of
0
Alloy C-22, e values above and below this rate were later used at several selected temperatures. 
The corresponding e values were 10'^ and lO'"* sec"', respectively that were applied to the 
specimens at temperatures o f 400, 600 and 700°C. The superimposed s-e diagrams at e
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values o f  10'^ and 10"  ^ sec'* at temperatures o f  400, 600 and 700°C are illustrated in 
Figures 4.12 and 4.13, respectively.
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Figure 4.12 s-e Diagram vs. Temperature
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The magnitude o f  {m + P)  was then determined from the plot o f hr g versus In at
temperatures o f 400, 600 and 700°C, where s  and e  ^ are the true strain rate and true critical 
plastic strain, respectively. As indicated in the previous chapter, e  ^ signifies the critical
plastic strain to initiate the formation o f serrations at a specific applied e value. At the 
onset o f the development o f serrations, virtually there is no difference between
engineering strain (e) and e  ^ (i.e. e = e^). Similarly, the engineering strain rate ( e )  can
be taken as the true strain rate ( g )  at the initiation o f  serrations, such that e  becomes 
equal to e . Considering such rationales, the variation o f  In e with In e^ . at different tested
temperatures can be considered as In g versus In , as illustrated in Figure 4.14. The
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graphical plots o f  In 6" versus In 6 -^  resulted in linear relationships, from which the 
magnitude o f  (jn + yS) was calculated at a specific temperature. Subsequently, In was
plotted against 1/T corresponding to three different e  values. Once again, these plots also 
exhibited linear relationships with a slope o f \Q jR {m + P ) \ ,  as shown in Figure 4.15. 
Using the value o f {m + f i ) ,  determined from Figure 4.14, and substituting the value o f R 
(gas constant), the magnitude o f Q was calculated as a function o f the testing 
temperature. The individual value o f  {m + /?) and the corresponding Q value are given in
Table 4.3 as functions o f  both temperature and e .
♦ 400C 
■ 600C  
a 700C
slope = (m+(3)
Figure 4.14 \ n s  versus \ne^ for Alloy C-22
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slope =
R(jn + P)
-3 .2 -
-3 .4 -
-3.6
0.0010 0.0011 0.0012 0.0013 0.0014 0.001
1/T K '
Figure 4.15 versus 1/T for Alloy C-22
Table 4.3 Calculated {m -t- P)  and Q Values
Temperature (°C)
400 600 700
Strain Rate, 
sec-:
Test 1 Test 2 Average T estl Test 2 Average Test 1 Test 2 Average
1 X 10-'
(m-p) 3.29 2 .9 1 3.1 2.69 2.35 2.52 1.68 1.96 1.825X1Q-*
1 X 10-^
1 X 10-
Q.
kJ mole
51.26 49.23 50.25 41.91 39.76 40.84 26.18 33.16 29.67
5 X 1 0 ^ 47.76 53.2 50.48 39.05 42.96 41 24.39 35.83 30.11
1 X lO"* 84.99 6658 75.79 69.49 53.77 61.63 43.4 44.85 44 13
Several observations can be made from Table 4.3. First o f  all, the average value o f 
{m -t- P)  at different strain rates was gradually reduced with increasing temperature. With 
respect to the magnitude o f Q, its value was also gradually reduced with increasing 
temperature, possibly due to enhanced plastic flow at elevated temperatures. At a specific
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
temperature, the driving force for plastic deformation in terms o f  Q was relatively lower 
at a faster strain rate compared to that at a slower strain rate. The reduced value o f  Q at a 
faster strain rate at a constant temperature could be attributed to relatively shorter 
deformation time. On the contrary, at slower strain rates, longer durations were needed 
for completion o f  plastic deformation until failure. Interestingly, at higher testing 
temperatures, the magnitude o f Q was gradually reduced due to enhanced plasticity at 
elevated temperatures irrespective o f  the strain rates. Thus, it is obvious that both strain 
rate and temperature played important roles on the deformation mechanism o f Alloy C- 
22. The data, presented in Table 4.4, suggest that overall activation energy could be in the 
vicinity o f  46 kJ/mole, irrespective o f  the temperature and strain rate. Thus, the resultant 
Q value for Alloy C-22 matches well with that (48 kJ/mole) o f  another austenitic Ni-base 
superalloy, recently studied at MPL
Table 4.4 Overall Activation Energy
Temperature (°C) Average Q, kJ/mole Overall Q, kJ/mole
400 57.79
4&23600 46.98
700 33.93
4.5 Strain-Hardening Exponent Calculation
The average values o f strain-hardening exponent (n), based on the tensile testing o f 
Alloy C-22 at different temperatures (ambient - 700°C) under a strain rate o f  5 x 10"  ^
sec'*, are given in Table 4.5. These data indicate that the magnitude o f n varied between 
0.65 and 0.75, respectively, showing no appreciable difference in its value within and 
outside the temperature regime o f  the DSA phenomenon. Since the DSA may be
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influenced by both temperature and strain rate, efforts were also made to determine the 
magnitude o f n at temperatures above and below 600°C, where the lowest failure strain 
was observed in the s-e diagrams, using two additional strain rates o f 1 0 '  ^and 1 0 "^  sec"'. 
The average calculated values o f  n at temperatures o f  400, 600 and 700°C at these 
gradually-reduced strain rates are given in Table 4.6. A comparative analysis o f  these 
data clearly indicates that the magnitude o f  n was gradually enhanced with reduced strain 
rates at 600°C, possibly due to longer time for failure to occur under tensile loading.
Table 4.5 Calculated n Values as Functions o f  Testing Temperature
Temperature (°C) Strain Rate, (sec"' ) n
25
5 X 10"^
0.66
100 0.65
200 0.74
300 0 J 2
400 0.75
500 0.66
600 0.74
700 0.69
Table 4.6 Calculated n Values as Functions o f  Testing Temperatures and Strain Rates
Strain Rate (sec"')
n
Temperature ( °C)
400 600 700
1 X 10"^ 0 69 0.67 0.74
5 X 10"'* 0.75 0.74 0.69
1 X 10"^ 0.72 &82 0.71
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.6 Determination o f  Crack-Growth-Rate
As indicated earlier in chapter 1, the maximum operating temperature for hydrogen 
generation using the S-I cycle is in the vicinity o f  950°C. However, temperatures less 
than 950°C may also be used during this process. Thus, the variation in temperature can 
lead to the development o f fluctuating thermal stresses during operation. In view o f this 
rationale, crack-growth-rate (CGR) studies were performed under cyclic loading at 
ambient temperature involving compact-tension (CT) specimens o f  Alloy C-22. The 
CGR data based on triplicate testing are given in Table 4.7. The monitoring o f  crack 
propagation due to cyclic loading was performed by using the DCPD technique, 
discussed earlier in chapter 3.
Table 4.7 Results o f CGR Testing o f Alloy C-22
Kfnaxj
MPaVm
Kmin»
MPaVm
ai, mm af, mm Aa,
mm
Slope,
m
Average
m
Initial Final Initial Final Initial Final
2 6 J3 77.37 2.633 7.737 7.103 16.112 9.009 T97
4.0328 39 77.33 Z839 7 J3 3 7.076 16.08 9.004 4.12
2T43 77.35 Z746 7.735 7.099 16.098 8.999 4.01
An evaluation o f  the data, shown in Table 4.7, indicates that the magnitudes o f 
maximum and minimum stress intensity factors (Kmax and Kmin, respectively) were 
enhanced in proportion to the load ratio o f 0 . 1  between the initial and final stages o f 
testing. The corresponding crack lengths (a; and af) and crack extension (Aa) due to cyelie 
loading is governed by paris law whieh can represented by a linear relationship when 
log (da/dN) is plotted as a function o f  log (Ak). The resultant average slope (m) from 
such plots was approximately 4, as shown in Table 4.7. A typical plot showing log
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(da/dN) versus log (Ak) is also illustrated in Figure 4.16, showing a linear relationship 
with a slope o f  3.97. An average slope o f  4.03 is consistent with the literature data 
satisfying the paris eqation.
Slope (m) = 3.97
/
E - 8 -
A K  ( M P a ) V ^
Figure 4.16 log (da/dN) vs. Log (Ak)
4.7 Results o f SCC Testing
The results o f stress-corrosion-crackin (SCC) testing performed under a slow-strain- 
rate (SSR) condition in an acidic solution are illustrated in Figure 4.17 in the form o f 
superimposed s-e diagram. The s-e diagram generated at room temperature under a 
similar strain rate condition is also included in this figure for comparison. These data 
indicate that the failure strain (et) o f  Alloy C-22 was minimum, when tested in the 90°C 
acidic solution. The minimum ef value signifies the maximum susceptibility o f  a material 
to SCC. The detrimental effect o f elevated temperature (90°C) on the cracking 
susceptibility is consistent with the observations made by numerous investigators
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The average values o f the resultant testing parameters (%E1, %RA, TTF, and af) 
determined from the s-e diagrams and speeimen dimensions are given in Table 4.8. An 
evaluation o f  these data clearly indicates that all four parameters were reduced with 
increasing temperature in the presence o f  an acidic solution.
1 2 0 -,
1 1 0 -
30°C. Air 
30°C, Env90-
80-
90“C. Eiiv
70 -
60-
40-
30- Alloy C-22
Env; Aqueous Soliuion (pH -I)
1 0 -
0 0 0.4 06
Engineering Sti-ain, e
0.2 0,8
Figure 4.17 s-e Diagram vs. Testing Environment
Table 4.8 Results o f SSR Testing
Temperature (°C), Environment Of(ksi) %E1 %RA TTF (hrs)
30, Air 176 88.72 78.50 37.10
30, Acidic Solution 172 86.93 76.94 36.53
90, Acidic Solution 165 85.79 73.74 35.87
4.8 CPP Test Results
The CPP diagrams o f  Alloy C-22, obtained in the acidic solution at 30, 60 and 90“C, 
are illustrated in Figures 4.18 through 4.20. An examination o f these diagrams reveals 
that negative hysteresis loops were formed in the polarization diagram during reverse
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potential scan. The formation o f negative hysteresis loop signifies the formation o f  fresh 
oxide layers on the specimen surface due to generation o f oxygen resulting from the 
electrolysis o f  the acidic solution at high current densities. These newly-formed 
protective oxide layers can prevent the localized dissolution o f surface films, thus, 
preventing degradations such as pitting. An examination o f the polarized specimens did 
not exhibit any localized attack on their surfaces, suggesting that Alloy C-22 may not 
undergo pitting in an acidic solution similar to that used in this investigation at 
temperatures up to 90°C.
r  898 mV
/  /
E c o r r =  384 mV
L o g l
Figure 4.18 CPP Diagram o f Alloy C-22 in 30°C Acidic Solution
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r  881 mV
bo
Log I
Figure 4.19 CPP Diagram o f Alloy C-22 in 60°C Acidic Solution
t= 792 mV
L o g l
Figure 4.20 CPP Diagram o f Alloy C-22 in 90°C Acidic Solution
The magnitudes o f Ecorr and Epit, determined from each CPP diagram, are given in 
Table 4.9 as a function o f the testing temperature. Average values o f  Ecorr and Epit, based 
on triplicate testing, are also shown in this table. An evaluation o f  these critical potentials 
indicates that both Ecorr and Epu were gradually reduced with increasing temperature.
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Further, the difference between Epit and Ecorr became gradually reduced with increasing 
temperature, suggesting that Alloy C-22 may become more susceptible to localized attack 
at elevated temperatures. The variations o f  Ecorr and Epit with temperature are also 
illustrated in Figure 4.21, indicating a similar trend
Table 4.9 CPP Test Results
Temperature
m
Ecorr? mV 
(Ag/AgCl)
Average
E corr? mV
(Ag/AgCl)
Epit, mV
(Ag/Ag/Cl)
Average 
Epit? mV 
(Ag/AgCl)
30
324
370
919
898384 898
401 877
60
325
317
836
856276 852
349 881
90
287
261
855
823257 792
238 822
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Figure 4.21 Variations o f  Ecorr and Epjtvs. Temperature
4.9 Results o f SCC Testing under Econt
The results o f SCC testing, performed in 30 and 90°C acidic solution involving 
smooth cylindrical specimens o f  Alloy C-22 under anodic controlled potentials ( E c o n t) ,  
are illustrated in Figures 4.22 and 4.23, respectively. These results are expressed in terms 
o f  superimposed s-e diagram generated under a SSR condition. An evaluation o f these s-e 
diagrams indicates that the application o f  anodic Econt during straining o f specimens in the 
30°C acidic solution had no significant effect on the cracking susceptibility in terms o f  Cf. 
On the contrary. Alloy C-22 exhibited enhanced cracking susceptibility in the 90°C acidic 
solution under anodic Econt, showing a significant reduction in the Cf value.
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Figure 4.22 s-e Diagrams Obtained under Econt in 30°C Acidic Solution
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Figure 4.23 s-e Diagrams Obtained under Econt in 90“C Acidic Solution
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The overall results suggest that Alloy C-22 may undergo enhanced cracking in an 
acidic solution at an elevated temperature (90°C) possibly due to the combined effect o f 
applied stress and breakdown o f protective surface films at a critical applied potential 
above the Epit value. The enhanced cracking tendency o f  Alloy C-22 at 90°C is 
consistent in that a similar detrimental effect o f  high temperature on the cracking 
tendency o f this alloy was observed in SSR testing even in the absence o f  Econt. The SCC 
data obtained by SSR testing, with and without Econt, are given in Table 4.10. Once again, 
these results indicate that the cracking tendency o f Alloy C-22 was more pronounced in 
the 90“C acidic solution under anodic Econt, showing a gradual drop in af, %E1, %RA and 
TTF. It should also be noted that there was a drastic drop in %E1 under Econt value o f 
1270 mV (Ag/AgCl) at 90"C, indicating a synergistic effect o f  high temperature and more 
noble applied potential on the cracking susceptibility o f Alloy C-22.
Table 4.10 SCC Results with and without E cont
Environment / 
Temperature, °C Econt, mV (Ag/AgCl)
Oc(ksi) %E1 %RA TTF(hrs)
Acidic Solution / 
30
None 172 86.93 76.94 36.53
1282 170 86.75 76.80 36.39
1582 168 86.73 75.00 36.14
Acidic Solution / 
90
None 165 85.79 73.74 35.87
970 160 82.34 72.92 35.37
1270 144 78.40 70.45 31.16
4.10 Results o f DCB Testing
The results o f SCC testing using pre-cracked and wedge-loaded DCB specimens, 
exposed to a 100°C acidic solution for a maximum duration o f 60 days, are given in 
Table 4.11. One specimen (specimen No. 5), loaded to the maximum initial stress
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intensity factor (Ki - 37 ksiVin) value was taken out o f  the autoclave after 30 days’ 
exposure, and was subsequently broken apart to check if  there were any crack extension 
following exposure for a shorter duration. The magnitudes o f crack extension (Aa), final 
stress intensity factors (Kf) and the change in stress intensity factor (AK) for all tested 
specimens are given in this table.
The overall data suggest that, in general, the reduction in wedge load (AP) upon 
completion o f  testing was relatively lower for specimens loaded to lower Kj values. 
However, no significant variation in Aa was observed irrespective o f  the AP value. It is, 
however, interesting to note that the susceptibility o f Alloy C-22 to stress corrosion 
cracking in 60-day tests was more pronounced with specimens loaded to higher Ki 
values. AK for specimen No. 5 was relatively lower due to a shorter exposure period o f 
30 days, thus, showing a maximum crack growth rate (Aa/T).
Table 4.11 Results o f  DCB Testing o f Alloy-22
ID
Pi,
lb
Pf,
lb
AP,
lb
Aa,
in
Ki,
ksiyUn
Kf,
ksiy/Jn
AK,
ksi^fin
T,
hours
Aa/T,
in/hour
1 538 428 1 1 0 0.026 32.12 26.11 6 . 0 1 1440 1.81 X 1 0 '^
2 440 363 77 0.028 26.43 2 2 . 2 2 4.21 1440 1.94 X 10’^
3 475 396 79 0.027 28.42 24.13 4.29 1440 1.87 X 10'^
4 540 402 138 0.029 32.52 24.68 7.84 1440 2 . 0 1  X 1 0 '^
5 620 575 45 0.027 37.00 34.96 2.26 720 3.75 X IQ-^
6 603 503 1 0 0 0.026 35.50 30.98 6.06 1440 1 . 8 6  X 1 0 '^
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4.11 Results o f C-ring, U-band and Coupon Testing
The results o f  SCC testing involving bolt-loaded C-ring and U-bend specimens o f 
Alloy C-22 indicate that none o f  these specimens exhibited cracking in the 100°C acidic 
solution upon even after their exposure for 60 days. The appearances o f  C-ring and U- 
bend specimens, before and after testing, are illustrated in Figures 4.24 and 4.25, 
respectively, showing shiny surfaces.
a) Before Testing b) After Testing
Figure 4.24 Pictorial View o f C-ring Specimens
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a) Before Testing b) After Testing
Figure 4.25 Pictorial View o f U-bend Specimens 
The amount o f weight-loss (W-mg), and the corresponding corrosion rate (mpy) o f  
coupons made o f Alloy C-22, exposed to a 100°C acidic solution for 30 and 60 days, are 
given in Table 4.12. It appears that the magnitude o f  W  was higher due to a longer 
exposure time. However, the corrosion rate in terms o f  mpy was relatively lower for 
specimens exposed for 60 days compared to those tested for a shorter duration. The 
appearance o f  a coupon, before and after testing, is illustrated in Figure 4.26, showing no 
appreciable change in its surface characteristics.
Table 4.12 Results o f  Coupon Testing
Exposure Period 
720 Hours
Exposv
144C
ire Period 
Hours
ID Wi(gms)
Wf
(gms)
W
(mg)
CR
(mpy)
Average
CR
(mpy)
Wf
(gms)
W
(mg)
CR
(mpy)
Average
CR
(mpy)
1 15.792 15.7739 18.1 0.6504
0.6720
15.7569 35.1 0.6307
0.6388
2 15.906 15.8867 19.3 0.6936 15.8700 36.0 0.6468
Wi : Initial weight o f  coupon 
Wf : Final weight o f coupon
W: Wight-loss o f  coupon 
CR: Corrosion rate
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a) Before Exposure b) After Exposure
Figure 4.26 Pictorial V iew o f Coupon
4.12 Results o f  Fractographic Evaluations
Fractographic evaluations were performed using SEM on broken cylindrical 
specimens o f  Alloy C-22, used in tensile and SSR (with and without Econt) testing. The 
SEM micrographs o f  the primary fracture surface o f  specimens, tested under tensile 
loading at room temperature, 500 and 600°C, are illustrated in Figures 4.27 through 4.29. 
An evaluation o f these micrographs reveals that Alloy C-22 exhibited predominantly 
ductile failures, characterized by dimpled microstructures irrespective o f the testing 
temperature. Even though, this alloy exhibited a minimum failure strain related to DSA at 
600°C, no brittle failures were observed. Beyond 600°C, all broken cylindrical specimens 
also showed dimpled microstructures, the size o f dimples being larger due to enhanced 
plastic flow at higher temperatures.
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Figure 4.27 SEM M icrograph o f Tensile Specimen Tested at RT, 500X
Figure 4.28 SEM M icrograph o f Tensile Specimen Tested at 500°C, 500X
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Figure 4.29 SEM M icrograph o f  Tensile Specimen Tested at 600°C, 500X
As to the fracture morphology o f  the cylindrical specimens used in the SSR testing, 
the primary fracture surface showed dimpled microstructures at room temperature and 
90°C, indicating ductile failure. The SEM micrographs o f  cylindrical specimens tested 
under a SSR condition, with and without acidic environment, are shown in Figures 4.30 
through 4.32. It is interesting to note that the application o f anodic applied potentials o f 
different magnitude did not change the morphology o f failure at the primary fracture 
surface o f  the specimens tested by the SSR technique. The corresponding SEM 
micrographs are illustrated in Figures 4.33 and 4.34, once again showing ductile failures.
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Figure 4.30 SEM Micrograph o f  SSR Test Specimen, RT Air, 5OCX
Figure 4.31 SEM Micrograph o f  SSR Test Specimen, RT Solution, 500X
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Figure 4.32 SEM Micrograph o f  SSR Test Specimen, 90“C Solution, 500X
m
m
mm
Figure 4.33 SEM Micrograph o f  SSR Test Specimen, RT Solution, +1582 mV, 500X
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ii
Figure 4.34 SEM M ierograph o f  SSR Test Specimen, 90°C Solution, +1270 mV, 500X
The SEM micrograph o f  a broken DCB specimen (specimen No. 4) surface that was 
loaded to a Kj value o f  32.5 ksiVin is illustrated in Figure 4.35. This fractograph 
identifies three regions o f  failure, resulting from cyelie loading during pre-cracking, 
environment-induced cracking (SCC) and fast fracture due to tensile tearing, respectively. 
The spécifié type o f failure corresponding to these three regions is also illustrated in the 
blown-up micrographs next to this figure. For example, pre-cracking at the notch-tip o f 
the DCB specimen by cyclic loading was characterized by striations. The SCC region 
was characterized by a combination o f  intergranular and cleavage cracking, indicating 
brittle fracture. Finally, the fracture, intentionally induced by tensile loading upon 
completion o f testing, was eharacterized by dimples, indicating ductile failures.
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Fast Fracture (Dimples), lOOX
SCC (Intergranular / Cleavage), 700X
Fracture Interfaces, 35X
Fatigue Failure (Striations), 500X 
Figure 4.35 SEM Micrographs Showing Three Regions o f  Failures
The micrographs illustrated in Figure 4.35 was also used to estimate the average sizes 
o f  different cracked regions corresponding to cyclic loading, SCC and beyond. This was 
accomplished by preparing a montage based on optical micrographs, as illustrated in 
Figure 4.36.
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Notch-tip ► Fast FractureFatigue Failure
Figure 4.36 M etallographic Montage o f  a Brocken DCB Specimen, lOX
The pre-cracked CT specimens, upon completion o f  crack-growth experiments, were 
broken apart in tension to characterize the morphology o f failure at the notch-tip and 
beyond using SEM. A SEM micrograph o f the cracked region resulting from cyclic 
loading is illustrated in Figure 4.37, showing striations. The fracture morphology o f the 
specimen surface beyond fatigue failures, which resulted due to ductile tearing, is 
illustrated in Figure 4.38, showing ductile failures characterized by dimples.
Striations Striations
Figure 4.37 SEM M icrograph Showing Striations in CT Specimen, 2000X
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Figure 4.38 SEM M icrograph Showing Dimpled Microstructures in CT Specimen, 400X
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CHAPTER 5 
DISCUSSION
The metallurgical and corrosion behavior o f  austenitic Alloy C-22 have been 
investigated in this research program. The metallurgical aspects were focused on the 
evaluation o f tensile properties at temperatures relevant to the nuclear hydrogen initiative. 
Further, a crack propagation study o f this alloy was also performed using fracture 
mechanics as a guiding tool to characterize its cracking tendency under cyclic loading at 
ambient temperature. W ith respect to the corrosion studies o f this alloy, its susceptibility 
to SCC, with and without controlled electrochemical {potentials ( E c o n t ) ,  has been 
determined in an acidic solution at ambient and elevated temperatures using the slow- 
strain-rate technique. The localized corrosion (pitting/crevice) behavior o f this alloy has 
been studied in a similar environment using the CPP technique. The susceptibility o f this 
alloy to SCC has also been investigated in a similar environment at 100°C using pre- 
cracked and wedge-loaded DCB specimens. Self-loaded C-ring and U-bend specimens 
and coupons have also been exposed to a 100°C acidic solution for determination o f the 
cracking tendency and corrosion rate, respectively o f  Alloy C-22. Finally, extensive 
fractographic evaluations have been performed using S E M  to characterize the extent and 
morphology o f failure o f the tested specimens.
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The optical micrographs o f all four heats o f  Alloy C-22 exhibited large austenitic 
grain and annealing twins, as expected for a solution-annealed Ni-base superalloy. This 
alloy showed gradually-reduced failure strain (Cf) and serrations in the engineering stress 
versus engineering strain (s-e) diagrams within specific temperature regimes, indicating 
the occurrence o f  dynamic-strain-aging (DS A) phenomenon. Since the concept o f  DS A is
known to be influenced by both temperature and strain rate ( e ), tensile testing has also
been performed at three e values at different temperatures. These tests led to the 
determination o f  both the activation energy (Q) needed to initiate serrations, and the 
work-hardening index (n) related to plastic deformation. An average Q value o f  46 
kJ/mole was determined in this study, which is consistent with a calculated Q value o f  48 
kJ/mole o f another austenitic superalloy (Alloy C-276), recently studied at MPL.
The tendency o f  a susceptible structural material to DSA is often associated with the 
diffusion o f solute elements into its matrix and in the vicinity o f grain boundaries at 
specific temperatures. The precipitation o f  these solute elements can impede the 
movement o f  dislocations (generated during plastic deformation) from one grain to other, 
thus, leading to reduced ductility in terms o f  ef, as seen in this investigation. The current 
results indicate that the magnitude o f the average dislocation density (p), based on the 
TEM micrographs, was maximum in specimens tested in tension at 600°C. Such 
enhancement in the p value can be attributed to the clustering o f  dislocations near grain 
boundaries, thus, showing lowest ef value in the s-e diagram at this temperature.
With respect to the n value, no significant variation was observed at an intermediate
o
e o f  5x10 sec" . However, a maximum value (0.82) o f n was observed at 600°C under
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the slowest e o f  1 x 1 0 "^  sec'*, suggesting that the maximum resistance to plastic 
deformation o f  Alloy C-22 was experienced at this temperature due to larger 
concentrations o f  dislocations and precipitation o f  solute elements resulting from longer 
deformation time. Thus, the magnitude o f Cf was minimum at 600°C.
The results o f  crack-growth study under cyclic loading involving CT specimens o f 
Alloy C-22 indicate that this alloy satisfied the Paris equation exhibiting an average 
value o f slope (m) equivalent to 4. An m value o f  4 is consistent with the slope o f  the log 
(da/dN) versus log (AK) linear plot o f other Ni-base alloys, as cited in the open literature 
This alloy exhibited the maximum cracking tendency in the 90°C acidic solution in 
terms o f all four parameters (%E1, %RA, TTF and Gf) obtained in the SSR testing. A 
similar synergistic effect o f  an elevated temperature and an acidic pH on increased 
cracking tendency o f  engineering alloys has also been reported elsewhere
The effect o f Econt on the cracking susceptibility o f this alloy was more pronounced in 
the 90“C acidic solution under an applied potential o f  +1270 mV (Ag/AgCl). The 
enhanced susceptibility o f  Alloy C-22 to SCC can be attributed to the more noble 
(positive) applied potential with respect to the Epit value, above which the breakdown o f 
protective surface films was initiated. As to the localized corrosion susceptibility o f this 
alloy, both Ecorr and Epit became more active (negative) with increasing temperature, 
which is consistent with the observations made by previous investigators
The results o f DCB testing indicate that the magnitude o f the difference in wedge­
load (AP) was relatively lower for the specimens loaded to lower Kj values. However, the 
resultant AK values were relatively higher for specimens loaded to higher K| values. 
Neither C-ring nor U-bend specimens exhibited any cracking in the 100°C acidic solution
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even after 60 days o f  exposure. Similarly, the coupons did not show any appreciable 
weight-loss in a similar environment, maintaining its shininess.
The fractographic evaluations by SEM revealed that the smooth cylindrical 
specimens, used in tensile and SSR testing, exhibited dimpled microstructures on their 
primary fracture surfaces, indicating ductile failures. The broken surfaces o f the DCB 
specimens, characterized by SEM, showed striations, intergranular/cleavage failures, and 
dimpled microstructures, respectively at three failed regions corresponding to pre­
cracking by cyclic loading, SCC and fast fracture. As to the fracture morphology o f the 
CT specimens used in the crack-growth study, striations and dimpled microstructures 
were observed due to cyclic loading and fast fracture, respectively.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
Nickel-base austenitic Alloy C-22 has been investigated for evaluation o f  its 
metallurgical and corrosion behavior. The tensile properties o f this alloy have been 
evaluated at temperatures ranging from ambient to 1000“C. Its susceptibility to SCC has 
been determined in the presence o f an acidic solution at ambient and elevated 
temperatures using different experimental techniques. The localized corrosion behavior 
has been studied in a similar environment using electrochemical polarization technique. 
The crack-growth-rate o f  this alloy has been evaluated in air using a crack monitoring 
device based on fracture-mechanics. The microstructural and fractographic evaluations o f  
the tested specimens have been performed by optical microscopy and SEM, respectively. 
The key results and significant conclusions drawn from this investigation are summarized 
below:
• Large austenitic grains with annealing twins were observed in the optical 
micrographs o f  solution-annealed Alloy C-22, as expected.
•  Gradually-reduced failure strain (ef) and formation o f serrations, observed in the 
resultant s-e diagrams generated in tensile testing, were related to an important 
metallurgical phenomenon o f plastic deformation, commonly known as dynamic- 
strain-aging (DSA).
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The magnitude o f ef was minimum at 600“C due to the maximum dislocation 
density (p) in the vicinity o f  the grain boundaries o f  Alloy C-22. At elevated 
temperatures, the diffusivity o f  solute elements was enhanced, causing their 
subsequent precipitations in and around dislocations, thus, impeding the 
dislocation mobility past these grain boundaries. The reduced dislocation motion, 
in turn, led to reduced plastic deformation showing lower values o f ef.
The activation energy (Q) for the onset o f  serrations was found to be 
approximately 46 kJ/mole, which is very similar to that o f Alloy C-276, also an 
austenitic superalloy.
A maximum work-hardening in terms o f  n was observed under the slowest strain 
rate at 600°C due to enhanced diffusivity o f solute elements for a longer duration. 
Accordingly, a maximum resistance to plastic deformation occurred during tensile 
testing.
The logarithmic plot o f  da/dN verses AK exhibited a linier relationship, showing a 
slope o f 4.0.
The cracking susceptibility o f  Alloy C-22 in an acidic solution was more 
pronounced at 90°C under a SSR condition, indicating a detrimental effect o f  an 
acidic pH and elevated temperature. The application o f an external potential, 
relatively more noble to the Epit value, further enhanced its cracking tendency. 
Both Ecorr and Epit became more active with increasing temperature, showing a 
consistent pattern observed by other investigators.
94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
• The cracking susceptibility o f  Alloy C-22, in terms o f stress intensity factor (K), 
was enhanced due to higher wedge-loads, thus, leading to lower final stress 
intensity factor (Kf) values.
•  The bolt-loaded C-ring and U-bend specimens did not exhibit any cracking in the 
circumferential and thickness directions.
• Alloy C-22 coupons, tested in a 100°C acidic solution, showed a relatively lower 
corrosion rate after a longer exposure period.
• The primary fracture surface o f  the cylindrical specimens, used in tensile and 
SCC testing, revealed dimpled microstructures in the SEM micrographs, 
indicating ductile failures.
• The surfaces o f the broken DEB specimens, characterized by SEM, showed three 
fractured regions corresponding to cyclic loading for pre-cracking, resultant 
environment-assisted-cracking and ductile tearing. The fracture morphologies in 
these three regions were identified as striations, intergranular cracking/cleavage 
facets and dimples.
• The CT specimens also exhibited striations resulting from cyclic loading, and 
dimpled microstructures due to ductile tearing on their broken surfaces.
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CHAPTER 7 
FUTURE WORK
The autoclave testing in the presence o f  an acidic solution could not be performed at 
temperatures above 100°C due to leakage. Therefore, future efforts should be made to 
evaluate the SCC susceptibility o f Alloy C-22 using DCB specimens at higher 
temperatures. Such testing lead to the determination o f the threshold stress intensity for 
SCC (Kiscc) as functions o f  both temperature and duration. Further, the crack-growth 
study involving CT specimens should be performed at elevated temperatures.
96
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A l. Tensile Properties
APPENDIX A
TENSILE TESTING
120 -,
1 1 0 -
10 0 -
9 0 -
80 -
7 0 -
6 0 -
5 0 -
4 0 -
2 0 -
1 0 -
90 1000 10 20 30 40 50 60 70 80
30"C
100°C
200“C
300°C
400°C
500°C
600°C
700°C
800"C
900°C
lOOO'C
Engineering Strain, e (° o)
Engineering s-e Diagram vs. Temperature
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Tensile Properties versus Temperature
Temperature, °C Test No. YS, ksi UTS, ksi %EL %RA
30
1 54.5 1 1 2 . 6 88.4 62.3
2 53.7 113.3 90.2 56.7
3 56.8 116.9 88.7 58.5
1 0 0
1 47.1 103.3 88.2 55.1
2 46.2 103.1 86.9 56.9
3 48.3 103.2 87.5 55.8
2 0 0
1 42.5 98.9 87.2 56.1
2 43.5 100.5 86.7 52.9
3 42.7 99.4 85.0 56.3
300
1 39.0 96.7 84.5 54.0
2 37.1 95.5 85.5 52.2
3 38.4 96.5 85.3 51.9
400
1 37.9 95.6 81.0 54.2
2 37.4 95.8 8 6 . 1 52.5
3 38.3 96.0 86.2 52.6
500
1 32.9 89.4 84.6 55.5
2 31.9 88.7 81.9 44.5
3 35.9 91.9 81.9 47.4
600
1 30.4 85.4 81.6 46.9
2 32.4 8 6 . 6 82.7 43.8
3 30.7 83.8 83.5 46.4
700
1 30.9 81.9 83.6 41.4
2 30.8 81.7 85.5 43.8
3 30.9 81.7 84.0 47.1
800
1 29.6 50.9 87.5 58.4
2 28.9 51.0 94.5 58.5
3 28.5 50.9 81.3 52.4
900
1 28.8 30.3 93.3 58.1
2 29.3 29.8 95.3 59.2
3 28.3 29.5 90.8 55.0
1 0 0 0
1 12.6 13.5 100.3 65.4
2 12.7 12.9 93.1 64.2
3 1 2 . 8 13.2 96.7 64.8
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A2. Activation Energy
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A3. Strain Hardening Exponent
n Values as Functions of Testing Temperature
Temperature ( °C) Strain Rate, (sec'* ) n
0.661
25 0.660
0.655
0.652
1 0 0 0.650
0.652
0.738
2 0 0 0.746
0.745
0.720
300 0.717
0.717
5 X 10"* 0.754
400 0.753
0.751
0.661
500 0.663
0.662
0.739
600 0.738
0.738
0.683
700 0 . 6 8 6
0.689
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B 1. Crack-Growth-Rate
APPENDIX B
SCC and Crack-Growth-Rate
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B2. SCC
Results o f SSR Testing
Temperature (°C), Environment Of (ksi) %E1 %RA TTF(hrs)
30, Air
174 89.92 78.93 37.2
178 87.52 77.98 37.0
30, Acidic Solution
171 87.9 77.00 36.55
173 85.96 76.84 36.51
90, Acidic Solution
168 84.92 73.50 35.88
162 8 6 . 6 6 73.99 35.86
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APPENDIX C
CPP TEST RESULTS 
C l. CPP Diagrams Tested at 30°C
1= 919 mV
324 mV G'corr
200.0 mV
LOCK) yA 10.00 pA 100.0 mA
log I
CPP Diagram o f Alloy C-22 in 30°C Acidic Solution
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1= 877 mV
E c o rr  = 401 mV
100.0 nA 10.00 pA 100.0 pAI.DOOpA
logi
CPP Diagram o f Alloy C-22 in 30°C Acidic Solution
C2. CPP Diagrams Tested at 60°C
t= 836 mV
= 325 mVcorr
100.0 mA1.000 mA 10.00 mAI.OOOpA 10.00 pA 100.0 pA
log I
CPP Diagram o f Alloy C-22 in 60°C Acidic Solution
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1.00ÛV
852 mV
800 OmV
400.0 mV
276 mVcorr
1.000 mA 10-00 mAiOOOpA 100.0 pA
lo g  I
CPP Diagram o f Alloy C-22 in 60°C Acidic Solution
C3. CPP Diagrams Tested at 90°C
400.0 mV
E c o r r  = 238 mV /
200.0 mV •
0.000 V
1 000 mA 10.00 mA
log I
CPP Diagram o f Alloy C-22 in 90“C Acidic Solution
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APPENDIX D
FRACTOGRAPHY
D E Fractography o f  Tensile Specimens
i
SEM Micrograph o f  Tensile Specimen Tested at RT, 400X
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SEM M icrograph o f  Tensile Specimen Tested at 500°C, 400X
SEM M icrograph o f  Tensile Specimen Tested at 600°C, 400X
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SEM Micrograph o f  Tensile Specimen Tested at 700°C, 400X
SEM Micrograph o f Tensile Specimen Tested at 1000°C, 400X
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D2. Fractography o f SSR Tested Specimens
SEM M icrograph o f  SSR Tested Specimen, RT Air, 400X
SEM Micrograph o f  SSR Tested Specimen, RT Solution, 400X
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SEM Micrograph o f  SSR Tested Specimen, 90°C Solution, 400X
SEM Micrograph o f  SSR Tested Specimen, 90°C Solution, 400X
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D3. Fractography o f Ecom Specimens
SEM M icrograph o f  SSR Tested Specimen, RT Solution, +1282 mV, 400X
*9
m 'dm
SEM Micrograph o f  SSR Tested Specimen, RT Solution, +1582 mV, 400X
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*SEM Micrograph o f  SSR Tested Specimen, 90°C Solution, +970 mV, 400X
«%
SEM Micrograph o f  SSR Tested Specimen, 90°C Solution, +1270 mV, 400X
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D4. Fractography of DCB Specimens
DCB Specimen No. 1 Fracture Interface, 35X
DCB Specimen No. 1 Fatigue Failure (Striations), 500X
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DCB Specimen No. 1 SCC (Intergranular /  Cleavage), 500X
DCB Specimen No. 1 Fast Fracture (Dimples), 300X
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DCB Specimen No. 5 Fracture Interface, 35X
DCB Specimen N o.5 Fatigue Failure (Striations), 500X
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DCB Specimen No. 5 SCC (Intergranular / Cleavage), 500X
*
DCB Specimen No. 5 Fast Fracture (Dimples), 200X
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DCB Specimen No. 6  Fracture Interface, 35X
DCB Specimen N o . 6  Fatigue Failure (Striations), 500X
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DCB Specimen No. 6  SCC (Intergranular /  Cleavage), 500X
DCB Specimen No. 6  Fast Fracture (Dimples), 200X
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D5. Fractography of CT Specimens
a
SEM Micrograph Showing Dimpled M icrostructure in CT Specimen No. 1, 400X
SEM Micrograph Showing Striations in CT Specimen No. 1, lOOOX
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*SEM M icrograph Showing Dimpled M icrostructure in CT Specimen No. 2, 400X
SEM M icrograph Showing Striations in CT Specimen No. 2, lOOOX
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SEM Micrograph Showing Dimpled M icrostructure in CT Specimen No. 3, 400X
SEM Micrograph Showing Striations in CT Specimen No. 3, lOOOX
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APPENDIX E
UNCERTAINTY ANALYSES OF EXPERIMENTAL RESULTS 
A precise method to determine uncertainties in experimental data has been presented 
in ‘''Experimental M ethods fo r  Engineers” ^*'1 The parameters such as loads, lengths, and 
times are directly measured in any experiment. Every time these instruments are used to 
determine these parameters may vary in quality. Also, the parameters that are out o f 
control o f the researcher might cause undesired variations in these measurements. Efforts 
were taken to repeat all the experiments in order to determine an average value. However, 
the undesired variations might have caused variations in the derived results. These 
variations caused by the machines used in the experiments can be reduced by calibrating 
them on a timely basis. However the variations caused due to human errors and 
environmental factors cannot be avoided. An uncertainty analysis o f the instruments has 
been performed. It is notable that this specification is in itself uncertain because the 
experiment is naturally uncertain about the accuracy o f  these measurements. If  the 
equipments are calibrated precisely, then uncertainties will be relatively lower when 
compared with unknown calibration ^*'1
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Most o f  the instruments in the M aterials Performance Laboratory (MPL) were 
calibrated on a regular basis by Bechtel Nevada using standards with high precision. 
Therefore, uncertainties in the presented data would have no significance. The 
uncertainties in the results o f  this investigation are calculated by using the Kline and 
McClintock Method
( DR
+
dR
y
Equation E 1
Where, W r = the uncertainty in the results
R = the given function o f  the independent variables X], x z ,  x„)
R = R(Xi,X 2 ,  Xn)
W], W2 ,  Wn = the uncertainty in the independent variables
E. 1 Uncertainty Calculation in Tensile Testing using Instron Machine
The results generated from the Instron testing equipment are stress (s), percentage 
elongation (%E1), and percentage reduction in area (% RA). The stress is based on the 
load (P) and the initial cross-sectional area (Aj) o f the tested specimen. The %E1 is based 
on the change in length (Al) during the testing and the % RA  is based on the initial and 
final cross-sectional areas (Aj and Af). The magnitude o f P was obtained from the load­
cell of the Instron machine. The values for Al, Aj, and Af were calculated based on 
measurements by a caliper. The uncertainties in load-cell and caliper were ± 0.03% lbs 
and ± 0.001 inch, respectively, obtained from the calibration. The uncertainty in the
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initial notched diameter was ± 0.001, which was provided by the manufacturer and the 
uncertainty in the final notched diameter was ± 0.001 obtained by using the caliper.
s= P/Aj Equation E 2
E.1.1 Calculation o f Uncertainty in Stress (Us)
U s  =  U (p_ Ai)
U A i =  (U o i)"
Uncertainty in load-cell = ± 0.03% lb
Uncertainty in caliper = ± 0 .0 0 1  inch.
Sample calculation:
For yield stress (YS) = 57 ksi
The measured load (P) = 2753 Ibf
Uncertainty in load (Up) = 2753 x 0.0003
= ±0.8259
Uncertainty in cross-sectional area (Uai) for the smooth cylindrical tensile specimen: 
Initial Diameter (Dj) = 0.248 inch.
Uncertainty in diameter (Uoi) = ± 0.001 inch.
A rea (Aj) =
= 0.0483 inch^
dA. ttD,
dD^
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= 0.3896
Uncertainty in area, Ua, =
dAi
dDi
Uoi
= 0.3896 X 0.001 
= ± 0.0003896
Uncertainty in stress. Us -
ÔS
dP
f c k
Up +  Ua
j  W  y
Equation E 3
s  = •
ds _  1 
dP ~ A^
= 20.701
= -1180081.36
Now providing all the numerical values in Equation E 3 obtained from the calculation, it 
is found that.
Us = (20.701 * 0.8259)' + (l 180081.36* 0.0003896)'
= 460.07 psi = ±0.4601 ksi 
One example o f the use o f  the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this dissertation.
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E. 1.2 Calculation o f  Uncertainty in Percentage Elongation (U«/„ei) 
Sample calculation:
Change in length (Al) = 0.8756 inch.
Gage length (1) = 1 inch.
%E1= — -100 
/
Uncertainty in Al (Uai) = ± 0.001 
Uncertainty in %E1 (U%Ei),
U%El =
dVoEl
dAl
\2
• Uai Equation E 4
d % E l 100
dAl I
=  100
Providing all the calculated values in Equation E 4, it is found that,
U%i7 =  [ ( l0 0 * 0 .0 0 l) ']2
U % E t = ± 0.1
One example o f the use o f  the uncertainty analysis is shown in this section. This can be 
implemented to all experimental results discussed in this dissertation.
E. 1.3 Calculation o f  Uncertainty in Percentage Reduction in Area (U%RA.)
Sample calculation:
For %RA = 58.47%
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Uncertainty in initial cross-sectional area ( U a i )  for the smooth specimen: 
Initial Diameter (Dj) = 0.248 inch.
Uncertainty in initial diameter,
(Uoi) = ± 0.001 in
ttD
A rea (Aj) =  — ^
= 0.0483 i n c r
dA, nD,
dD,
= (13896
Uncertainty in initial cross-sectional area.
Us. =
dA
'-■Ud.
= 0.3896 X 0.001 
= ±0.0003896
Uncertainty in final cross-sectional area (UaO for the smooth specimen: 
Final Diameter (Df) = 0.103 inch.
Uncertainty in final diameter (Uof),
= ± 0.001 inch.
A rea (Af) =
= 0.00833 i n c r
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dAj nDj-
dD ,
= 0.1618
Uncertainty in final cross-sectional area.
U a j - =
dAj
■Ud ,
0.1618 X 0.001
0.0001618
Uncertainty in %RA,
U%RA =
dVoRA
0^^
• Ua,
^ 0%Æ4
+
dA,
■ ■ Ua , Equation E 5
%RA =
' A - a P
V 4  j
xlOO
xlOO
d%RA  100^.
dA, A,
= 357.5
dA,
= - 2070.4
N ow  assigning all the calculated values in Equation E 5, it is found that.
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2
Uy.RA = [(357.5 * 0.0003896)' + (-2070.4  * 0.0001618)'!"
= 0.1316
E.2 Uncertainty Calculation for Parameters Derived from SSR and Econt Results
E.2.1 Calculation o f  Uncertainty in Time to failure (Ujtf)
Filed Point Software o f  the SSR unit is used to obtain the TTF, which is accurate up 
to l/lOft^ o f  a second in finding the TTF. Therefore, the uncertainty o f  the TTF in the 
SSR testing is negligible.
E.3 Uncertainty Calculations for Parameters derived from CPP Results
The uncertainty o f  the potentiostat provided by the manufacturer is ± 0.003 mV. 
Sample calculation:
For corrosion potential (Ecorr) = 384 mV
The uncertainty in Ecorr = 384*(±0.003) = ±1.152 mV
For pitting potential (Epu) = 384 mV
The uncertainty in Epit= 898*(±0.003) = ±2.694 mV
One set o f  data presented here; it can be applied to the all testing temperatures.
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APPENDIX F
TEM  MICROGRAPHS
F I. TEM Micrographs o f  Tested Tensile Specimens
TEM Micrograph o f  Tensile Specimen Tested at Ambient Temperature, 77k X
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100 onr*"
TEM M icrograph o f  Tensile Specimen Tested at 500°C, 77k X
TEM M icrograph o f  Tensile Specimen Tested at 600°C, 77k X
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TEM Micrograph o f  Tensile Specimen Tested at 700°C, 77k X
TEM Micrograph o f  Tensile Specimen Tested at 800°C, 77k X
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